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ABSTRACT
An Edwardsiella ictaluri strain with disruption of ureG was identified through the use of
signature tagged insertion mutagenesis as being attenuated for virulence in the channel catfish
host. Sequencing of the flanking regions surrounding the insert showed that the gene was part of
a urease gene complex that included ureE, ureF, ureG, ureD, ureI, and an ammonium transporter
homologue. The ureG gene encodes a GTP-binding accessory protein which is thought to
function in energy-dependent urease assembly. The ureG mutant strain was found to be
attenuated for mortality, persistence, and for the ability to establish infection in a competition
challenge during co-infection with the wild type (WT) strain. In an experimental infection of
channel catfish macrophages, the ureG mutant strain was attenuated for intracellular replication
while the WT strain showed more than a ten-fold increase in numbers of viable organisms
recovered at 12 hours post infection (PI), even though there were no significant differences in
initial uptake of either strain. Light microscopy of prepared cell culture slides at 8 and 12 hours
PI showed macrophages containing large numbers of WT bacteria, confirming the replication of
the WT strain. A gentamicin exclusion assay performed with macrophages treated with 6 mM
urea revealed that numbers of WT recovered from macrophages treated with urea was more than
twice that recovered from macrophages without urea. Survival in macrophages requires the
ability to tolerate or alter the acidic environment of the phagolysosome. Growth curves
performed at acidic pH and survival assays following extreme acid shock indicate that E. ictaluri
is naturally acid resistant and is able to utilize urea to enhance growth and replication at acidic
pH by the neutralization of environmental pH. Two-dimensional gel analysis of WT cell lysates,
prepared following growth at neutral and acidic pH, identified three urease proteins, UreA,
UreC, and UreG, that were constitutively expressed regardless of whether E. ictaluri was grown
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at neutral or acidic pH, or in the presence or absence of urea during growth. This suggests that
urease activity is not transcriptionally or translationally regulated, but instead, pre-existing
urease is activated by environmental pH.
The results presented here confirm the importance of the urease enzyme complex in
virulence, intracellular survival, and acid resistance of E. ictaluri despite its “urease negative”
characterization in traditional biochemical tests.
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

HISTORICAL OVERVIEW
How is it that the disruption of a urease accessory gene in the “urease-negative”
organism, Edwardsiella ictaluri, results in attenuation of pathogenesis in its host, the channel
catfish, Ictalurus punctatus? The following chapters will discuss what is known about the role of
urease in pathogenesis and will present results of studies that indicate the role that E. ictaluri’s
urease plays in the disease process.
According to Bergey’s Manual (Holt et al., 1994), E. ictaluri is a facultative anaerobic
Gram-negative rod belonging to the family Enterobacteriaceae. The biochemical
characterization of E. ictaluri was first described by Hawke, et al. (1981), and further studied by
Waltman, et al. (1986), who tested 119 isolates of E. ictaluri and found that 100% of the tested
isolates were positive for methyl red, nitrate reductase, lysine decarboxylase, ornithine
decarboxylase, and catalase. In addition, 100% of the isolates were negative for citrate,
malonate, Voges-Proskauer, phenylalanine, indole, arginine dihydrolase, cytochrome oxidase, βgalactosidase and, most important as pertaining to this project, were incapable of hydrolyzing
urea.
Edwardsiella ictaluri is the etiological agent of enteric septicemia of catfish (ESC)
(Hawke, 1979), a disease that causes significant economic losses in the catfish farming industry
annually. Transmission of E. ictaluri in channel catfish ponds results from fecal shedding from
infected fish and release from carcasses of fish that have succumbed to the disease (Earlix,
1995). These carcasses, as well as infected fish, can also be transported between ponds by

1

waterfowl that feed in the ponds. Various environmental stress factors such as poor water
quality, low chloride concentration, and temperature fluctuations, as well as stress induced by
handling, close confinement and improper diet, can all serve to make catfish more susceptible to
infection (Ciembor et al., 1995; Mqolomba and Plumb, 1992; Plumb and Sanchez, 1983; Wise
et al., 1993).
Edwardsiella ictaluri was first described as the causative agent of ESC in 1981 (Hawke
et al., 1981), and the pathogenesis of E. ictaluri was reviewed by Thune and colleagues (Thune
et al., 1993). Briefly, ESC is characterized by a rapid onset septicemia, with initial detection of
E. ictaluri in the internal organs as early as 15 minutes following gastric lavage (Baldwin and
Newton, 1993). Microscopic lesions were reported as early as 2 days post-immersion challenge
(Newton et al., 1989), with mortality as early as 5 days (Thune and Johnson, 1992). ESC occurs
in acute and chronic forms (Johnson, 1989). The acute form is a bacterial septicemia
characterized by hemorrhage and necrosis in multiple organs. The chronic form is a
meningoencephalitis with dorsal extension through the sutura fontanelle of the skull, resulting in
the classic lesion from which the layman name, “hole-in-the-head disease”, is derived. The
bacterium is thought to infect the host through intestinal penetration following ingestion of water
or food and/or passage through the nares and olfactory sac to the brain (Newton et al., 1989;
Shotts et al., 1986). However, Nusbaum and Morrison (1996) reported that very few or no
bacteria were found to accumulate in tissue from the nares or the gut in their study of
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E. ictaluri localization in a channel catfish infection, while large numbers of bacteria were
consistently found associated with gill tissue, suggesting the gill epithelium as a possible site of
entry.
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Antibody response to immersion challenge with E. ictaluri was characterized by Klesius
and Sealey (1995). They reported that an antibody response was detected by day 5 postimmersion. However, they also reported that fish injected with immune serum and challenged
with E. ictaluri were not protected against ESC. This lack of protection by antibody is
characteristic of infections that are intracellular in nature, where the bacteria are sequestered in
macrophages, or in some other intracellular niche, and protected from the immune response
(Kaufmann, 1993). There are reports of E. ictaluri invasion into fish cell lines (Silva, 1998;
Skirpstunas and Baldwin, 2002), and several reports suggest that the bacterium is capable of
intracellular replication and survival in catfish macrophages and neutrophils (Lawrence et al.,
2003; Miyazaki and Plumb, 1985; Shotts et al., 1986; Stanley, 1991). However, these reports
were based on histological observation and, until recently, there were no published studies to
document this ability. It is now known that E. ictaluri is capable of robust intracellular survival
and replication in head kidney-derived macrophages (Booth et al., 2005).
While disease progression and associated pathology are well characterized for ESC, the
bacterial virulence factors and mechanisms of pathogenesis of E. ictaluri remain largely
unknown (Thune et al., 1993). There are several reports of possible virulence factors associated
with Edwardsiella infections. Chondroitinase activity has been correlated with virulence in two
studies that measured chondroitinase activity by assessing chondroitin sulfate degradation in
both a tube and a plate method (Stanley et al., 1994; Waltman et al., 1986). The enzyme is
thought to mediate cartilage degradation in the “hole-in-the-head” lesion associated with ESC
(Shotts et al., 1986). A challenge study performed with a chondroitinase deficient mutant strain
revealed that fish challenged with this strain showed no sign of pathogenesis associated with
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ESC and no mortalities were associated with the challenge, indicating that chondroitinase plays a
role in ESC development (Cooper et al., 1996).
Waltman, et al. (1986) reported a membrane associated hemolysin that may contribute to
reduced hematocrit, hemoglobin, plasma protein, and plasma glucose associated with ESC
infections. It was later reported, however, that E. ictaluri did not express cell associated
hemolysin in studies of E. ictaluri coincubated with erythrocytes from guinea pigs, sheep, or
rabbits (Janda et al., 1991). This apparent absence of hemolysin activity may have resulted from
the host specificity displayed by E. ictaluri, a fish pathogen. A two-component hemolysin of E.
ictaluri was recently identified and characterized (Williams and Lawrence, 2005), and the genes
encoding the protein identified as eihA and eihB. Challenges of channel catfish fingerlings with
the wild type (WT) and an isogenic hemolysin mutant strain of E. ictaluri showed no significant
difference in virulence between the two E. ictaluri strains (Williams and Lawrence, 2005). Thus
the role of hemolysin remains unclear. Lipopolysaccharide (LPS), another described virulence
factor, was shown to be essential for survival of E. ictaluri in channel catfish (Lawrence et al.,
2001; Lawrence et al., 2003). An O-polysaccharide mutant had a relatively small, but
significant, decrease in its ability to survive in normal catfish serum compared to wild-type E.
ictaluri, but it retained the ability to resist killing by catfish neutrophils. Lipopolysaccharide was
also strongly recognized by antibodies in pooled sera from channel catfish naturally infected
with E. ictaluri (Baldwin et al., 1997). Distinct fimbrial processes were suggested to be involved
in attachment of E. ictaluri to host cells based on transmission electron microscopy (Morrison
and Plumb, 1994; Stanley et al., 1994) that showed these structures associated with host cell
contact, indicating that they are possibly involved in the pathogenesis of E. ictaluri.
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Of major importance in the understanding of E. ictaluri is the identification and
characterization of virulence factors and mechanisms involved in its pathogenesis. Signature
tagged mutagenesis (STM), initially developed by David Holden and colleagues in 1995, has
been used to identify virulence associated genes in a variety of organisms (Autret and Charbit,
2005; Mecsas, 2002). The original description of the STM procedure by David Holden’s lab
(Hensel et al., 1995) utilized dot-blot hybridization techniques with PCR-amplified tags.
Tagging was accomplished with 40-bp “signature” oligonucleotides containing semi-random
sequences (Hensel, 1998). These tags contained a variable region composed of 1017 different
sequences and an invariable region for amplification by radioactive PCR to generate specific
hybridization probes. The tags were then double-stranded by PCR and cloned into a minitransposon to generate a library of mutants. Once the mutants were generated they were arrayed
in 96-well microplates that were grown in vitro, each with a different tag and unique signature.
The mutants were then pooled in a single in vitro culture from which an aliquot was used for in
vivo passage in an appropriate host. Based upon negative selection, this in vivo step eliminated
mutants incapable of invasion and/or persistence. Following the in vivo passage, DNA was
extracted from bacteria grown in vitro and from those recovered after the in vivo passage and
used as a template for preparation of probes. The DNA probes were hybridized with DNA from
colony blots corresponding to arrayed mutants for identification of clones that were unable to
survive in vivo.
Since STM is based on a negative selection of the mutants, i.e., mutants, which have lost
the capacity to survive in a given host, it allows the discovery of virulence genes without prior
indication of their nature or function, and many mutants can be screened at the same time since
the mutants are assembled within pools and are easily identified by a unique sequence – or tag –
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carried by an inserted transposon (Autret and Charbit, 2005). This allows for a rapid and
exhaustive analysis of virulence factors in a given organism. Signature tagged mutagenesis is
limited to finding genes that are not required for growth in broth, and to microorganisms that are
transformable and/or allow the random insertion of transposon. Problems with the Holden
method include signal quality, reproducibility, and the identification of “false-negative”
candidates (Autret and Charbit, 2005). Some tags give better amplification than others in the
hybridization screening, and there is a problem with cross-hybridization of tags obtained from
the low specificity of degenerated tags that had homologous sequences, making it difficult to
screen the tags representing bacteria grown in vitro and in vivo and to identify nonambiguous
positive signals (Autret and Charbit, 2005; Lehoux et al., 1999). Despite these limits, STM has
been used to identify virulence factors in a variety of pathogens, including, but certainly not
limited to, Staphylococcus aureus, Vibrio cholerae, Yersinia enterocolitica, Mycobacterium
tuberculosis, and Legionella. pneumophila (Camacho et al., 1999; Chiang and Mekalanos, 1998;
Darwin and Miller, 1999; Edelstein et al., 1999; Mei et al., 1997).
Lehoux, et al. (1999) offered a simpler, faster method for STM studies that made use of
defined oligonucleotides for tag construction into mini-Tn5, and used PCR instead of
hybridization for rapid screening of bacterial mutants in vivo. He synthesized a collection of 12
unique 21-mers as complimentary DNA strands and used these to tag bacterial mutants
constructed by insertion mutagenesis using pUTmini-Tn5Km2 plasmids. Pools containing one of
each of the uniquely-tagged mutants (in-put pool) were assembled and aliquots were used for in
vivo passage in a suitable host. PCR analysis was used to screen both the in-put pool and the
mutants recovered following the in vivo passage (out-put pool). Tags that were present in the input pool but absent from the out-put pool were assumed to correspond to insertions in genes
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required for establishment and persistence of infection. Sequencing could then be performed
from the ends of the insertion cassette to identify the affected gene.
Using the Lehoux method (Lehoux et al., 1999), 52 E. ictaluri clones with transposon
insertions in genes presumably involved in pathogenesis were identified (Thune et al., 2006).
DNA from mutant strains of E. ictaluri that were missing from three out of three channel catfish
livers following immersion challenge was sequenced from the tags in the end of the insertion
cassette to determine the identity of the disrupted gene. Based on this identification, clone 84LM
was selected for further characterization and is the subject of this dissertation. The 84LM clone
was found to be missing in three out of three fish, and the insertion was identified to be in ureG,
a gene that encodes a GTP-binding accessory protein that is part of the urease enzyme complex,
functioning in the energy-dependent assembly of the holoenzyme (Mobley et al., 1995). A
second attenuated mutant had an insertion in ureF, another urease accessory gene, confirming
the potential importance of this enzyme complex in pathogenesis. The finding that the disruption
of a urease accessory gene could attenuate E. ictaluri’s ability to invade and persist in the host
was very interesting given the fact that E. ictaluri is characterized as “urease-negative” in
standard biochemical tests, and raised the question: What role could urease possibly play in the
pathogenesis of a “urease negative” organism?
Bacterial ureases are known to hydrolyze urea to produce ammonia and carbamate
(Figure 1.1). The carbamate spontaneously decomposes to form more ammonia and carbonic
acid. The carbonic acid equilibrates in water to produce hydroxide ions, as do the two molecules
of ammonia, which become protonated to yield ammonium. The net result of these reactions is a
rise in pH of the reaction environment (Burne and Chen, 2000). This function of acid
neutralization was linked to pathogenesis in early studies of Campylobacter. One of the most

7

urease
1)

H2N-CO-NH2 + H2O

2)

H2N-CO-OH + H2O

3)

H2CO3

4)

2NH3 + 2H2O

NH3 + H2N-CO-OH
NH3 + H2CO3

H+ + HCO32NH4+ + 2OH-

Figure 1.1. The urease reaction. Urea is cleaved by urease to produce one molecule of
ammonia and one of carbamate (1); Carbamate spontaneously decomposes to ammonia and
carbonic acid (2); The carbonic acid equilibrates in water to form bicarbonate and hydrogen ions
(3); The two molecules of ammonia become protonated to yield ammonium and hydroxide ions
(4); The reaction results in a rise in the pH of the reaction environment (Burne and Chen, 2000).
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carefully analyzed ureases is that of Helicobacter pylori, originally called Campylobacter pylori.
The urease of this organism was first associated with gastric colonization and pathology in
humans and as an agent responsible for gastritis and peptic ulceration in 1986 (Buck et al.,
1986). This was confirmed during this same period by direct culture and histological
examination of biopsied tissue (Chen et al., 1986), detection of serum antibodies against C.
pylori (Jones et al., 1986), by urease activity detected by incubation of biopsied tissue in
Christensen urea broth (Hazell et al., 1987), and by liberation of 13CO2 from patients fed
[13C]urea (Graham et al., 1987).
It was postulated at that time that urease might permit gastric colonization in the highly
acidic environment of the stomach by generating ammonia to buffer gastric acid (Mobley et al.,
1988). A few years later, experiments provided evidence for this theory when Marshall et al.
(1990) demonstrated that urea protected H. pylori from the bactericidal effect of acid, enabling
survival in acidic pH as low as 1.5. They postulated that urease activity generated bicarbonate
and ammonia and removed H+ ions.
Studies were also done to determine the role of urease in enabling acid resistance in other
organisms. In 1996, results were published providing evidence that urease activity enhanced
survival of pathogenic Yersinia enterocolitica and Morganella morganii in buffered acidic
conditions as low as pH 1.5 for long periods of time provided urea was available (Young et al.,
1996). A Y. enterocolitica ureC mutant strain was hypersensitive to acidic conditions when urea
was available, and when the cytoplasmic membrane was compromised with detergent, activation
of urease at pH 2.0 did not occur and activity was abolished. They postulated that the
cytoplasmic membrane might influence urease activity by acting as a barrier against protons to
limit the rate of cytoplasmic acidification and by maintaining a membrane-located ammonium
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transport system, which could couple the efflux of ammonium ions and protons from the
cytoplasmic space. The energy to drive this system would come from the ammonium ion
gradient generated as copious amounts of urease-produced ammonia spontaneously converted to
ammonium. In this way, hydrolysis of 1 mole of urea could effectively neutralize 3 moles of
protons within the cytoplasmic space (Young et al., 1996).
As early as 1980, urease was also postulated to be tied to energy production in
Ureaplasma urealyticum (Romano et al., 1980). The localization of urease and ATPase in the
cytoplasm and membrane suggested the hypothesis that ATP might be generated through the
formation of an ion gradient coupled to urea hydrolysis. Later, it was reported that 95% of ATP
in this organism was the result of urea hydrolysis (Glass et al., 2000). The hypothesis was that
hydrolysis of urea generated an electrical gradient through accumulation of intracellular
ammonia/ammonium. This gradient, in turn, fostered a chemiosmotic potential that generated
ATP. Energy production studies predicted three enzymatic components in this process: urease,
an ammonia/ammonium transporter, and an F0F1-ATPase. Two genes were identified from the
Amt family of transporters and postulated to perform this role of ammonium transporter. The
authors hypothesized that the electrochemical gradient created by export of ammonium
presumably resulted in an ATP molecule generating proton influx through the F-type ATPase.
Urease is known to play a significant role in the virulence of several pathogens, including
H. pylori, Klebsiella pneumoniae, Proteus mirabilis, Y. enterocolitica, and Escherichia coli
O157:H 7 (Burall et al., 2004; Friedrich et al., 2005; Maroncle et al., 2005; Mobley et al., 1988;
Young et al., 1996). The urease of K. pneumoniae appears to play a role in intestinal
colonization but not to resistance to gastrointestinal stress, as demonstrated by cell culture
adhesion studies and acid tolerance responses to organic acids (Maroncle et al. 2005). Proteus
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mirabilis’ urease is known to be required for the stone formation in urinary infections caused by
this organism. The hydrolysis of urea by this enzyme results in localized increases in pH, which
in turn mediates precipitation of normally soluble polyvalent ions from the urine and the
concomitant formation of urinary stones (Burall et al. 2004). The urease of Y. enterocolitica
enables this facultative intracellular pathogen to survive pH levels as low as 1.5, enabling its
survival through the gastrointestinal tract and the acidified phagosome of the host cell (Young et
al., 1996). Escherichia coli O157:H7’s urease is postulated to play a role in the hemolyticuremic syndrome caused by this organism, as well as to function as an energy source (Friedrich
et al., 2005).
Urease’s role in pathogenesis is most thoroughly characterized in H. pylori. In H. pylori,
urease enzymatic activity was shown to be essential for colonization of gnotobiotic piglets
(Eaton and Krakowa, 1994). Normochlorhydric and achlorhydric piglets were inoculated with
either the WT strain of H. pylori or a ureG mutant strain that still produced the enzyme proteins
but lacked enzymatic activity. The WT strain was able to colonize under all conditions, whereas
the ureG mutant strain was incapable of colonization under all treatment conditions.
H. pylori’s urease was shown to contribute to decreased phagocytosis while stimulating
an increased oxidative burst in human granulocytes (Makristathis et al., 1998). In this study
granulocyte suspensions from normal human volunteers were incubated with either the WT
strain, a ureB mutant strain that did not produce the holoenzyme, or a ureG mutant strain that
produced an enzymatically inactive enzyme, and chemiluminescence (the generation of
electromagnetic radiation as light by the release of energy from a chemical reaction) was
analyzed by flow cytometry. Their results showed that the ureB strain that did not produce the
holoenzyme was phagocytosed at a significantly higher rate than either the WT or the ureG
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strain, and that the ureB strain stimulated a significantly lower oxidative burst than either the WT
or the ureG strain. They suggested that the increased oxidative burst might be attributed to the
inhibition of intracellular killing by the WT and ureG strains, which in turn could lead to an
increased oxidative burst to eliminate the internalized bacteria.
Other studies suggest that H. pylori’s urease also functions to inactivate complement and
to reduce opsonization by complement (Rokita et al., 1998). Rokita and colleagues incubated the
WT strain, a ureB strain that produced no urease, and a ureG strain that produced an
enzymatically inactive urease, in serum from both uninfected and infected human subjects and
measured binding of C3b to the bacterial surface by specific staining and flow cytometry. They
found the mutant possessing no urease was opsonized more efficiently by C3b than the WT
strain or the ureG mutant strain and that this was dependent upon non-specific antibody binding
to the bacteria. They proposed that the urease protein might inhibit antibody binding to the
bacterial surface and contribute to the failure of complement activation.
Urease appears to play a role in the chemotactic motility of H. pylori, presumably
through the generation of a proton motive force (Nakamura et al., 1998). In a comparison of
chemotactic motility of a WT strain and a ureB strain, it was reported that the ureB strain failed
to exhibit motility in a viscous environment. The authors theorized that urea might be supplied
internally through de novo synthesis and then hydrolyzed by cytoplasmic urease, resulting in an
increase in the proton motive force.
Urease’s effect on acid resistance has remained the most studied characteristic of
bacterial ureases, with H. pylori’s urease serving as a model system. In the beginning it was
thought that Helicobacter’s urease was located on the cell surface from where it could create a
cloud of ammonia around the cell. The local pH was postulated to increase via the interaction of

12

H+ ions with urease-produced ammonia and bicarbonate (Marshall et al., 1990). Later studies
showed that the urease was located in the cytoplasm and only occasionally associated with the
extracellular membrane, usually in older cultures, and presumed to result from cell lysis (Dunn et
al., 1997; Phadnis et al., 1996). The theory of how urease functioned in acid resistance then
moved on to a second hypothesis, namely, that urease activity in the cytoplasm was essential for
acid survival (Voland et al., 2003). According to this hypothesis, the ammonia produced was
proposed to leave the cytoplasm in its non-charged form and bind protons in the periplasm,
elevating the periplasmic pH, and thereby preventing acidification of the cytoplasm (Voland et
al., 2003). A third hypothesis proposed that ammonia released by cytoplasmic urease activity
buffered protons leaking in through the cytoplasmic membrane (Stingl et al., 2002a). Charged
ammonium ions were then electrogenically extruded from the cytoplasm by a putative
ammonium transporter, creating a neutral cytoplasm. Interestingly, an ammonium transporter
has thus far not been identified in Helicobacter species.
Ureases from diverse species are remarkably similar in their three dimensional structure
as determined by crystallographic studies (Benini et al., 1999; Ha et al., 2001; Jabri et al., 1995;
Pearson et al., 1997). In all examples the active site (discussed below) is buried deep within the
protein and includes a dinuclear nickel metallocenter with the two metals bridged by a
carbamylated lysine residue (Mulrooney and Hausinger, 2003). Assembly of this metallocenter
is complex, requiring nickel ions, carbon dioxide (for carbamylation), accessory proteins, and
GTP. Urease assembly and activation in K. aerogenes was described in some detail following
chemical cross-linking and mass spectrometric studies (Chang et al., 2004). Urease activation
initiates with ribosomal synthesis and chaperonin-facilitated folding of the urease apoprotein
UreABC. Studies with the recombinant K. aerogenes system show that UreABC forms
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complexes with the UreD, UreF, and UreG accessory proteins, encoded adjacent to the structural
genes in the ureDABCEFG cluster (Lee et al., 1992; Moncrief and Hausinger, 1997, , 1996;
Park et al., 1994; Park and Hausinger, 1996; Park and Hausinger, 1995; Soriano and
Hausinger, 1999). Deletion of any of the K. aerogenes ureD, ureF, or ureG genes results in
undetectable urease activity, highlighting their essential nature (Lee et al., 1992). Mulrooney
and Hausinger (2003), in a review of nickel enzymes and metallocenter assembly systems,
further detailed the assembly process. They wrote that, besides the absolute requirement for the
presence of the UreEFG accessory proteins, there is also a requirement for nickel, carbon
dioxide, and GTP hydrolysis (Mulrooney and Hausinger, 2003). A diagram of the proposed
interactions is presented in Figure 1.2. Presumably, following ribosomal synthesis and
chaperonin-assisted folding of UreABC, the newly formed apoprotein is identical in structure to
the native enzyme, except that it lacks nickel and carbamylation. The apoprotein then forms a
series of complexes with the three essential urease accessory proteins, UreDFG, already in
complex with each other. The urease apoprotein-UreDFG exhibits GTP-dependent urease
activation associated with a nucleotide-binding site located on the UreG component in the
presence of nickel and bicarbonate ions. Finally, nickel is delivered to the urease apoproteinUreDFG complex by the UreE dimer, a nickel-binding and carrier protein, through interaction
between UreE and UreG. It is at this point that the enzyme complex is fully activated. The CO2,
Ni-UreE, and GTP-dependent activation process results in production of urease holoprotein and
dissociation of the accessory proteins.
The complete nucleotide sequence of the urease enzyme gene cluster has now been
determined for E. ictaluri and is available through NCBI Gene Bank (accession number
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(Ure ABC)3
Urease
Apoprotein

(Ure ABC-UreDFG)3

CO2
+
GTP

Ure DFG
Accessory
Proteins
GDP +
Pi

Urease Holoprotein

Ni - UreE

Figure 1.2. Model of urease activation. Synthesis of active urease requires the formation of a
complex between the (UreABC)3 urease apoprotein and UreDFG. This complex accepts Ni from
the UreE metallochaperone and inserts it into the carbamylated apoenzyme (thus the requirement
for CO2) in a GTP-dependent reaction. Dissociation of the accessory proteins results in the
active enzyme (Mulrooney and Hausinger, 2003).
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AY607844). The genes that compose this cluster are ureABCEFGDI, followed by an
ammonium transporter (Figure 1.3). The entire gene cluster is bracketed by transposase
sequences located just upstream of ureA and downstream of the ammonium transporter,
suggesting that the complex may have been acquired via horizontal transfer. At both the
nucleotide and the amino acid level, E. ictaluri’s urease complex is most similar to that of
Yersinia species. Figure 1.3 demonstrates the gene arrangement for E. ictaluri and shows how
this arrangement compares with that of H. pylori, E. coli, and Y. enterocolitica. Table 1.1
outlines the similarity of E. ictaluri’s urease proteins to those of these same organisms. It is
unclear at this point if the ammonium transporter is functional since it is truncated at the
carboxyl end due to the presence of a transposase insertion sequence.
Each of the Ure proteins that make up the urease enzyme complex has a unique function
in enzyme activity. All are required for activation of the enzyme, though not all of them are
required for assembly. The structure and function of the proteins that comprise the urease
enzyme complex have been reviewed (Mobley et al., 1995). Together, UreA, B, and C, the
primary enzymatic subunits, form a trimer of trimers [i.e., (ABC)3] to form the apoenzyme,
possessing three active sites per enzyme, each of which possesses two nickel ions once activated.
The nickel ligands in the active sites are composed of 10 histidine residues that are highly
conserved in bacterial ureases: His-96 in UreA, His-39 and His-41 in UreB, and His-134, His136, His-219, His-246, His-312, His-320 and His-321 in UreC. These residues are also
conserved in E. ictaluri, with the exception of His-312 and His-321 in UreC. Two other amino
acids are also very highly conserved in bacterial ureases, including E. ictaluri’s: Lys-217 and
Asp-360, both of UreC. It is thought, based on crystallographic analysis of K. aerogenes’ urease
active site, that Lys-217 is carbamylated, allowing it to bridge the two metal ions. A water
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Figure 1.3. Gene arrangement of Edwardsiella ictaluri’s urease genes compared to that of H.
pylori, E. coli, and Y. enterocolitica. (TN - transposase)
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Table 1.1. Similarity of E. ictaluri’s urease proteins to those of Y. enterocolitica, E. coli
0157:H7, and H. pylori. H. pylori does not have a ureC gene; its ureB gene is homologous to the
ureC gene of other organisms. A urea transporter has not been identified as yet in E. coli. The
complete genome for Y. enterocolitica is not yet available; however, Y. pestis and Y.
pseudotuberculosis both have a urea transporter that shows significant identity (> 57%) to E.
ictaluri’s urea transporter when using the LALIGN Service (Huang and Miller, 1991), so it is
likely that one will be identified in Y. enterocolitica as more sequence becomes available.

Percent Identity with E. ictaluri Urease Genes

Organism

ureA

Y.
85.0%
enterocolitica
E. coli
58.6%
0157:H7
H. pylori

56.9%

ureB

ureC

ureE

ureF

ureG

ureD

ureI

73.4%

86.2%

51.3%

67.1%

91.2%

61.4%

-----

47.8%

56.6%

32.6%

32.7%

58.9%

<30%

-----

56.9%

------

<30%

<30%

55.0%

<30%

<30%
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molecule is associated mainly with the nickel ion that is coordinated by Asp-360, His-134, and
His-136, but exhibits partial occupancy, perhaps as a bridge, in the coordination sphere of the
other metal ion. Histidine residues His-219 and His-320 are in the immediate environment of the
metallocenter. The former residue appears to facilitate substrate binding, whereas the latter
residue is thought to serve as the general base in catalysis. A unique region of similarity was
identified near the active site of UreC in Y. enterocolitica, M. morganii, and Lactobacillus
fermentum that was postulated to be responsible for the low pH optimum (pH 4.0) activation for
urease activity in these organisms (Young et al., 1996). Two residues, a conserved phenylalanine
(F) located seven residues toward the amino terminus, and an asparagine (N) located one residue
toward the carboxyl terminus from the active site His-320 were found to be uniquely conserved
only in these organisms. These two residues were postulated to affect the pH optimum of
activity by affecting the pKa of the active site His-320. Interestingly, these residues are also
conserved in the UreC amino acid sequence of E. ictaluri (Figure 1.4).
The accessory proteins are identified as UreDFG and E. The function of UreD remains unclear
at this point, but it is thought that it may function as a urease-specific chaperone protein that
facilitates the proper assembly of the metallocenter by maintaining proper protein conformation
or perhaps by preventing non-productive nickel ion binding prior to incorporation of the essential
carbon dioxide molecule (Mobley et al., 1995). UreD is essential for enzyme activity but not for
enzyme assembly. Truncation of Ure D in many E. coli EHEC strains is known to be the cause
of the loss of urease activity in these strains (Nakano et al., 2004). The location of ureD in the
urease gene complex varies among bacterial species. In P. mirabilis and K. aerogenes ureD is
located directly upstream of ureA, while in H. pylori, Yersinia species, Bacillus species, and E.
ictaluri it is located immediately downstream of ureG.
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MPHVSRKEYSSLFGPTVGDKIRLGNTELFIEIEKDLRGYGDESVYGGGKSLRDGMGANN
NLTRDNGVLDLVITNVTIIDACLGVIKADVGIKDGKISGIGKSGNPNTMDGVTPTMVVG
ASTDAISGEHLILTAAGIDTHIHLISPQQAYHALSNGVTTFFGGGIGPTDGSNGTTVTAGP
WNIRQMLRSFESLPLNVGLLGKGNACGYGPLEEQIIAGAAGLKVHEDWGATASALRYA
LRIADKMDIQVAVHTDSLNEGGYVEDTIDAFEGRTVHTFHTEGAGGGHAPDIIKVASLM
*

NVLPSSTNPTLPFGINSQAELFDMIMICH NLNPNVPADVAFAESRVRPETIAAENVLQD
MGVISMFSSDSQAMGRVGENWLRLIQTANAMKVARGKLPEDAAGNDNFRVLRYVAKI
TINPAIAQGVSHVIGSIEVGKMADLVLWDPRFFGAKPKMVIKGGMISWSTMGDSNASLP
TTQPITYRPMFGAMGKTMNDTCVTFVSQASLEDGVREKAGLDRNVIAVKNCRNVSKQ
DLVRNNNMPNIDVDPETFAVKVDGVHATCKPVDIAAMNQLYFFG

Figure 1.4. Amino acid sequence of UreC from E. ictaluri. The conserved His-134, His-136,
His-219, His-246, and the active site His-320, Phe-313 and Asn-321 are designated with large
bold type. The active site His-320 is marked with an astrix.
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The ureEFG gene organization and location appears to be conserved in bacterial species.
The UreE protein is characterized by a histidine-rich motif at the carboxyl termini (Figure 1.5),
which binds approximately 6 nickel ions per dimer in K. aerogenes, and is thought to function as
a nickel donor (Mulrooney et al., 2005). Interestingly, the Ni-binding capacity of UreE appears
to vary among bacterial species, based on the length of, and even absence of, the histidine-rich
carboxyl terminus. The histidine-rich region is virtually missing from the ureE of H. pylori
(NCBI Gene ID 890417), while it is truncated in E. coli to about 11 amino acids (NCBI Gene ID
958583) and to about 15 amino acids in K. aerogenes (NCBI Gene ID 149339). In Yersinia
species and in E. ictaluri this region spans from 44 to 50 amino acids. Based on the difference in
length it may be that the UreE of Yersinia species and of E. ictaluri is able to bind more than just
6 nickel ions per dimer as occurs in K. aerogenes.
Characterization of UreF has been hampered primarily because the UreF protein is
produced in only minute amounts compared to other urease gene products (Kim et al., 1999).
UreF is thought to function in the generation or delivery of carbon dioxide to the metallocenter
assembly site and is required for in vivo activation of urease (Mobley et al., 1995), but there is
very little data to support a precise function. Mutation studies disrupting the function of ureF
show it to be essential for urease activity, and the chromatographic behavior of the UreABCDFG complex is distinct in a ureF deletion mutant, suggesting that UreF may somehow alter the
complex conformation (Mobley et al., 1995). It is known to form a complex with UreD and
UreG, and is required for nickel metallocenter biosynthesis (Chang et al., 2004; Heimer and
Mobley, 2001; Kim et al., 1999; Lee et al., 1992; Moncrief and Hausinger, 1997, , 1996;
Mulrooney and Hausinger, 1990; Park and Hausinger, 1995; Soriano et al., 2000; Soriano and
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MIVISHVLGNVKTDPVWAEKLKAYELDYLTLEHGDMYKNSCRKMTEQGKDLGISLERN
SLLADGDVLLCDDKHAYAIIVKLILRDVMIIDLTDLLNFSHEMMLKISFELGHALGNQH
WKSIIHESQVFVPLSVSHKVMESVIQTHRFTGIHYRFEKGDSILSCLTPSEARLLFGGAED
LGAHVHVDHSHSHDFMGHSHEHEGHRHVHNHAGNSHDNEHDEHHSRR

Figure 1.5. Amino acid sequence of UreE from E. ictaluri. The histidine-rich region at the
carboxyl end, postulated to be the binding site for nickel ions, is underlined and highlighted in
bold type.
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Hausinger, 1999) UreF sequences do not exhibit extensive homology among bacterial species
(Mobley et al., 1995).
UreG is the most conserved of all the accessory proteins that make up the urease
accessory gene complex (Moncrief and Hausinger, 1997). It possesses a highly conserved
nucleotide-binding motif, a “P-loop”, that is thought to function in the energy-dependent
assembly of the urease holoenzyme (Mobley et al., 1995). The P-Loop motif primary structure
typically consists of a glycine-rich sequence followed by a conserved lysine and a serine or
threonine (Saraste et al., 1990). The amino acid sequence of E. ictaluri UreG has this distinctive
region located in the amino end. Amino acids 8-16 comprise the glycine-rich region, which is
followed immediately by a lysine residue in position 17 and a threonine in position 18 (Figure
1.6).
UreG is absolutely essential for in vivo activation of urease (Mobley et al., 1995).
Disruption of the p-loop motif through amino acid substitution results in the production of an
inactive urease in H. pylori (Moncrief and Hausinger, 1997). In studies performed to
characterize the purified K. aerogenes UreDFG complex, GTP hydrolysis in the presence of
bicarbonate was needed for activation of the UreDFG-apourease complex (Soriano and
Hausinger, 1999). They suggested that GTP-dependent structural changes of the urease
apoprotein complex could be important for increasing nickel ion or carbon dioxide accessibility
to the developing active site. They also suggested that the UreDFG apourease complex might use
GTP and bicarbonate (not CO2) to synthesize carboxyphosphate. This molecule, though having
a very short half-life when free in solution, if generated within the complex near the lysine
undergoing carbamylation, could function as an excellent CO2 donor. They were, however,
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Figure 1.6. Alignment of E. ictaluri UreG amino acid sequence with that of Y. enterocolitica,
using the LALIGN Service (Huang and Miller, 1991). The P-loop conserved glycine-rich
region followed by lysine and threonine residue (Saraste et al., 1990) is underlined and
highlighted in bold.
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unable to shown definitively whether CO2 or bicarbonate was the actual substrate for the GTPdependent activation of the UreDFG apourease complex (Soriano and Hausinger, 1999).
Activation of urease in H. pylori appears to function by a different mechanism than that
of K. aerogenes. In H. pylori the hydrogenase accessory proteins HypA and HypB are required
for full urease activity (Olson et al., 2001), as demonstrated by the lack of urease activity in hypA
or hypB mutants. HypB augments the nickel-binding capacity in urease activation since both
UreE and HypB of H. pylori lack the histidine-rich regions present in the UreE proteins of other
species such as K. aerogenes, Bradyrhizobium japonicum, or even E. ictaluri. A BLAST search
of the E. ictaluri genome (http://microgen.ouhsc.edu/index.html), using the hypB sequence from
H. pylori (accession number AE001512) identified genes that show significant homology to
hypB, hypD and hypE. However, the fact that the E. ictaluri UreE does have the histidine-rich
region (Figure 1.5) seems to indicate that activation of urease in this organism is probably not
like that of H. pylori.
UreI, though part of the urease complex, is not considered to be an accessory protein;
rather, it functions as a H+ -gated urea channel (Weeks et al., 2004). In H. pylori UreI-mediated
urea uptake was shown to determine the pH dependence of cytoplasmic urease, but disruption of
ureI did not affect expression of urease accessory proteins or primary enzymatic subunits
(Weeks et al., 2004). H. pylori UreI is an inner membrane protein, having six transmembraneinserted segments, with both the amino and carboxy termini located in the periplasm. Activation
is postulated to be dependent upon protonation of one or more periplasmic histidine residues
(Weeks et al., 2004). The absence of urea transport at neutral pH prevents high urease activity in
the absence of environmental acidity. Tandem sequence repeats (LPXXTXPF) resembling
eukaryotic urea transporters were identified in the Yersinia pseudotuberculosis urea transporter,
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Yut (Sebbane et al., 2002). Comparison of the amino sequence of E. ictaluri’s urea transporter
with that of Y. pseudotuberculosis with the LALIGN service (Huang and Miller, 1991) shows E.
ictaluri to have these same signature repeats (Figure 1.7). The location of the urea transporter
varies among bacterial species. In H. pylori it is located directly downstream of ureC and before
ureE, while in Yersinia species, as well as in E. ictaluri, it is located immediately following
ureD.
The ammonium transporter of E. ictaluri is truncated by the presence of a transposase sequence
and is missing approximately half of the sequence known to be present in other bacterial
ammonium transporters. It is therefore questionable at this time whether it is functional in E.
ictaluri. In animals, ammonium transport across membranes is important for maintaining
ammonium homeostasis and is specifically implicated in the maintenance of pH balance in the
kidney (Winkler, 2005). The structural determination of the ammonium transport protein AmtB
from E. coli strongly indicates that the members of the ubiquitous ammonium
transporter/methylamine permease/Rhesus (Amt/MEP/Rh) protein family are ammoniaconducting channels rather than ammonium ion transporters, based on identification of a
conserved pore lined by hydrophobic side chains except for two highly conserved histidine
residues (Winkler 2005). While the E. ictaluri ammonium transporter is about half the size of
the E. coli’s (217 AA as compared to 417 AA), it is possible that E. ictaluri maintains enough of
the conserved structure to be functional. It has extensive non-polar amino acid structure that
could possibly form a pore structure, and maintains the conserved F-107, F-215, and H-168 that
are strictly conserved in the whole Amt/MEP/Rh family of ammonium transporters (Winkler,
2005) (Figure 1.8).
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Figure 1.7. Alignment of E. ictaluri UreI amino acid sequence with that of Y.
pseudotuberculosis’ Yut protein, using the LALIGN Service (Huang and Miller, 1991). The
tandem sequence repeats that are signature structures in eukaryotic urea transporters are
underlined and highlighted in bold (Sebbane et al., 2002).
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Figure 1.8. Alignment of E. coli AmtB with E. ictaluri ammonium transporter amino acid
sequence using the LALIGN Service (Huang and Miller, 1991). Conserved histidine (H) and
phenylalanine (F) residues are designated in large underlined bold type. Extensive non-polar
amino acid sequences are underlined (Winkler 2005).
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Regulation of expression of bacterial ureases has been reviewed (Mobley et al., 1995). In
Klebsiella species, urease expression is regulated by the global nitrogen control system (NTR)
In the presence of limited nitrogen sources, synthesis of urease is activated through the action of
the positive regulator NAC (nitrogen assimilation control) at the level of urease transcription. In
other organisms, such as P. mirabilis and those species which carry plasmid-encoded ureases
(Providencia stuartii, S. cubana, and some E. coli strains), urease is induced by the presence of
urea and requires a gene, ureR, which is a member of the AraC family of positive activators. In
H. pylori, induction of urease expression is mediated by NikR via nickel-responsive induction
(van Vliet et al., 2002). Urease may also be developmentally regulated in Proteus swarm species
where it has been shown that these cells have higher levels of urease and urease transcript
(Mobley et al., 1995). Finally, in the Gram positive organism, Streptococcus salivarius, urease
expression is regulated by environmental pH, with induction occurring in the presence of acidic
pH and excess carbohydrates (Chen et al., 1998). In this organism, urease activity is virtually
undetectable at neutral pH.
E. ictaluri does not appear to have a recognizable nikR gene; nor does it appear to have genes
which encode a nickel transport system, based on a BLAST search of the E. ictaluri genomic
sequence (http://microgen.ouhsc.edu/index.html). There is an open reading frame that shows
limited identity (25-33%) to the AraC-type positive regulator, UreR of E. coli, V. haemolyticus,
and P. mirabilis. It may be that E. ictaluri’s urease is regulated by environmental pH, via the
proton-gated urea channel, as well as by UreR. All of the urease genes identified in E. ictaluri
appear to have the classic -35, -10, and Shine-Delgarno sequences associated with them. The
putative promoter sequences are shown in Figure 1.9. It remains unclear at this time if the
individual genes are each translated from their own promoter, or if they are translated as
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ureA
TCGCACAGCAACGTAGTGTTGTATTTATAAGCAAAGAGATACAATCGAAACA
-35
-10
AGCGAAAAGAGGTGATTGATTATGCAGT
S.D.
ureB
TTATCTGGTTTTTAGTTTCTTTGTTTTATAATTAAGGAGCATGAAAAT
-35
-10
S.D.
ureC
TGATAGCGATAT TCAACATAGATATTAACGAGGTATATCATGCCACAT
-35
-10
S.D.
ureE
TAAGTTTAATATCACCTCTCCCTTATTATAGGGAGAGGTGGGTAAAATGGAGT
-35
-10
S.D.
ACTCATCATGATCG
ureF
TGAACATGAGGGACACCGCCATGTTCATAATCACGCAGGGAATAGTCATGAC
-35
-10
AATGAGCATGATGAACAT
S.D.
ureG
TGCGCATGTTAGATTATTTATGAATTAATATTTGGAGTGGATATGAAAAAAA
-35
-10
S.D.
ureD
TCGATATGATTATGCGTGACTTCTTATTTACACACAGCGAAATAAAGTGAGAC
-35
-10
S.D.
ACCATGAA
ureI (urea transporter)
TCACTGCATGTCGTTTCTGGACTATATAGATATCGTTATCAGTCTATAACTA
-35
-10
TAACTGAATAGGTTGGATGGTCGTATGGATGTTAAA
S.D.

Figure 1.9. Putative promoter sequences for the genes which comprise the urease operon. The
-10, -35, and Shine-Delgarno sequences are underlined and designated as such. The start codon
is marked in bold type.
(S.D. - Shine-Delgarno sequence)
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groups and then undergo post-translation modification. Analysis with Northern blot has
suggested that, at least in P. mirabilis, K. aerogenes, and H. pylori, the primary subunits are
transcribed as a single transcript (ureAB(C)) and the accessory proteins are transcribed as a
separate transcript (ureEFGD(H)) (Mobley et al., 1995).
Where might the ability to survive acid conditions give E. ictaluri an advantage? The
optimal window for ESC outbreaks in catfish ponds is when water temperatures reach 22º C to
28º C. Coincidently, the higher temperatures stimulate increased plant growth and
photosynthesis in pond water. The pH levels can easily fall to pH 5.5 or lower during the early
morning hours due to increased levels of carbon dioxide emission during the night. Carbon
dioxide acts as an acid in water according to the formula:
1) H2O + CO2 = H2CO3
2) H2CO3 =

H+ + HCO3

Water temperature itself also affects pH levels. The ionization constant for water
increases with temperature, resulting in higher H+ ion concentrations (lower pH) at higher
temperatures. E. ictaluri, which is transmitted through fecal shedding, must be able to survive
these conditions long enough to be ingested in order for ESC infection to occur. The slight
acidic conditions of pond water may also serve to activate acid resistance systems such as urease
in E. ictaluri, especially if this enzyme is pH regulated.
The second niche where the ability to survive acid conditions would be of great value to the
survival of E. ictaluri is during the passage through the digestive track. While precise
measurements of stomach and intestinal pH have not been reported for channel catfish, the
optimal pH for maximal proteolytic activity in Ictalurus species has been reported to be pH 3-4
(Kapoor et al., 1975).
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Finally, the ability to tolerate or neutralize an acidic environment would be of great
benefit to E. ictaluri in surviving the environment of the acidified phagolysosome, where pH
levels of 4 to 5 occur following fusion of the phagosome and lysosome during intracellular
trafficking of ingested particles. Lysosomes, endosomes, and a variety of other intracellular
organelles are acidified by a family of unique proton pumps, termed the vacuolar H+-ATPases.
The electrogenic vacuolar H+-ATPase is responsible for generating electrical and chemical
gradients across organelle membranes with the magnitude of these gradients ultimately
determined by both proton pump regulatory mechanisms and, more importantly, associated ion
and organic solute transporters located in vesicle membranes (Dyke, 1996). When bacteria bind
to the surface of phagocytic cells via specific receptors, signals are communicated to the interior
of the cell that trigger phagocytosis. The bacteria are then internalized into a phagosome that
enters the endocytic pathway, becoming increasingly more acidic and ultimately fusing with the
acid-activated enzyme-carrying lysosome where digestion takes place (Alberts et al., 1994).
Intracellular pathogens have developed several mechanisms to enable survival within this toxic
environment, including the inhibition of fusion of the phagosome with the lysosome, escape
from the phagosome into the cytoplasm, and acid tolerance responses that enable them to
withstand the lower pH (Haas, 1998). In addition, several Gram negative pathogens have
Salmonella pathogenicity island 2-likeType III secretion systems that translocate effector
molecules from the phagosome into the host cell cytoplasm. These effector molecules act to
alter intracellular trafficking and define the structure of the pathogen-containing phagosome
(Chakravortty et al., 2002; Freeman et al., 2003; Galan, 2001; Hensel et al., 1998; Knodler and
Steele-Mortimer, 2003; Waterman and Holden, 2003).
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Urease is not the only mechanism of acid resistance available to enteric bacteria. E. coli
has three other systems that function in acid resistance (AR): AR1, AR2, and AR3. Each has its
own unique induction signature and each employs different mechanisms to provide low pH
protection (Gong et al., 2003). AR1 is produced in Luria-Bertani-grown stationary phase cells
and protects E. coli at pH 2.5. It appears to be expressed regardless of growth pH, but is blocked
by an unidentified diffusible inhibitor produced during growth at alkaline pH and is glucose
repressed (Gong et al., 2003). AR2 requires glutamic acid for protection at pH 2.5. Two
isoforms of glutamate decarboxylase convert glutamic acid to γ-aminobutyric acid (GABA) in a
process that consumes intracellular protons (Gong et al., 2003). AR3 utilizes the inducible form
of arginine decarboxylase (ADC) to decarboxylate arginine to agmatine in a process that also
consumes intracellular protons (Gong et al., 2003). Interestingly, agmatinase converts agmatine
to putrescine and urea (Salas et al., 2002). The urea could theoretically serve as a substrate for
urease to further protect against acid stress. De novo synthesis of urea in bacteria can also take
place through the arginase pathway. The arginase of the H. pylori urea cycle hydrolyzes Larginine to L-ornithine and urea, and is crucial for acid protection in vitro (McGee et al., 1999).
A possible alternative source of urea for E. ictaluri is from catfish blood. The
concentration of blood urea nitrogen has been measured in channel catfish reared in different
environments. Levels of urea nitrogen were reported to be 11.9 mg/dl (1.8 mM) in fish from a
non-commercial, non-production pond, 5.5 mg/dl (0.9 mM) in catfish from a commercial
production pond, and 8.3 mg/dl (1.4 mM) in fish acclimated to laboratory tanks for at least one
month prior to testing (Ellsaesser and Clem, 1987). This suggests that urea levels can be
influenced by diet and environmental conditions. ESC outbreaks are rarely seen in wild catfish
populations (Plumb, 1999), but are a significant problem in commercial ponds (USDA, 2003).
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Being that urea levels tend to be higher in non-commercial pond settings than in commercial
settings, where ESC outbreaks commonly occur, raises the question of whether urea and urease
play any role in the pathogenesis of ESC infection. It should be borne in mind that, as discussed
earlier, the environmental stresses in commercial pond settings play a significant role in ESC
outbreaks, and no single factor can be isolated as a cause of disease. Rather, many factors
contribute together to make fish populations susceptible. In order to develop strategies to
combat ESC, all contributing factors must be explored and given consideration.
HYPOTHESES
The following chapters will describe the process by which the ureG mutant strain was
generated and identified, and will present and discuss data generated during the process of
testing the hypotheses. The hypotheses are these: 1) Urease plays a significant role in
pathogenesis in vivo and disruption of urease activity will result in the attenuation of E. ictaluri
in the channel catfish host for mortality, persistence and in competition challenges with the WT
parental strain; 2) E. ictaluri undergoes a process of acid tolerance adaptation that is enhanced
by the presence of urea; 3) Urease plays an important role in its ability to survive in acidic
environments by enabling neutralization of environmental pH, and disruption of urease activity
abolishes this protection; 4) Urease activity enhances intracellular survival, and disruption of
urease activity results in the inability to replicate intracellularly; and, 5) UreG protein
expression is detectable only when E. ictaluri is grown under acidic conditions.
The second chapter will describe the development of a macrophage cell culture model
and the characterization of the ability of WT E. ictaluri to survive and replicate intracellularly in
channel catfish macrophages. The reader will note that there is an entire chapter devoted to the
study of how E. ictaluri replicates in a primary macrophage cell culture model. Prior to this
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study, it had not been shown definitively that E. ictaluri was capable of intracellular survival and
replication, nor was there an established macrophage model available. E. ictaluri was thought to
be capable of intracellular replication based solely on histological observation of intracellular
bacteria that appeared to be in the process of cell division (Baldwin and Newton, 1993;
Miyazaki and Plumb, 1985; Shotts et al., 1986), but it remained unclear if actual intracellular
replication was taking place or if the bacterial cells had simply been engulfed while undergoing
cell division. In order to fully characterize the intracellular effects of disruption of urease in E.
ictaluri, a macrophage model system had to be developed. The third chapter will focus on the
creation and identification of the ureG mutant strain, and will explore the effects of disruption of
this gene on the ability of E. ictaluri to establish infection and cause disease in the natural host,
channel catfish, as well as effects on intracellular replication in macrophages. Finally, the fourth
chapter will explore the effects of ureG disruption on acid tolerance of E. ictaluri, and the effects
of urea supplementation on ability of this mutant strain to survive and replicate in channel catfish
macrophages. UreG protein expression under acidic conditions in the presence and absence of
urea will be described through the use of 2-d gel electrophoresis. Through the results and
discussions presented in the following chapters it is hoped that the reader will come to appreciate
the role that this previously hidden weapon plays in the virulence of “urease negative”
Edwardsiella ictaluri.
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CHAPTER 2

INTRACELLULAR REPLICATION OF EDWARDSIELLA ICTALURI IN CHANNEL
CATFISH MACROPHAGES

INTRODUCTION
Edwardsiella ictaluri is a Gram-negative rod-shaped bacterium that was first described in
1976 as the etiological agent of enteric septicemia of catfish (ESC) (Hawke, 1979; Hawke et al.,
1981). E. ictaluri is a highly virulent pathogen that poses a major threat to commercially raised
channel catfish, with 60.6% of farm operations reporting outbreaks that caused more than 27% of
all losses associated with production in 2002 (USDA, 2003). The pathogenesis of E. ictaluri has
been reviewed (Thune et al., 1993). Briefly, ESC is characterized by a rapid onset septicemia,
with initial detection of E. ictaluri in the internal organs as early as 15 min following gastric
lavage (Baldwin and Newton, 1993). Microscopic lesions were reported as early as 2 days postimmersion challenge (Newton et al., 1989), with mortality as early as 5 days (Thune and
Johnson, 1992). Although disease progression and associated pathology are well characterized
for ESC, the bacterial virulence factors and mechanisms of pathogenesis of E. ictaluri are
virtually unknown (Thune et al., 1993).
Based on histological examination, bacterial replication within both neutrophils
(Miyazaki and Plumb, 1985) and macrophages (Baldwin and Newton, 1993; Shotts et al., 1986)
has been suggested. Additional in vivo evidence also indicates an intracellular location for E.
ictaluri. First, antibodies against E. ictaluri fail to provide protective immunity except at very
high titers (Thune et al., 1997a; Thune et al., 1997b), indicating that the bacterium is sequestered
from humoral factors. Second, Freund’s complete adjuvant, a potent stimulator of cell mediated
immunity, is required to induce protective immunity in fish injected with killed bacterins or
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purified lipopolysaccharide (LPS) (Saeed and Plumb, 1986; Thune et al., 1997b). The lack of
antibody-mediated protection and a cell-mediated basis for protective immunity are both traits of
intracellular pathogens.
Preliminary in vitro data for short-term intracellular survival of E. ictaluri in catfish
neutrophils has also been reported. In studies conducted to evaluate the phagocytic capability of
channel catfish neutrophils, Ainsworth and Chen (1990) reported that bacterial killing was
evident after 60 min only if normal catfish serum was added to the cultures; E. ictaluri numbers
remained static with heat-inactivated channel catfish serum or no serum added. On the other
hand, Waterstrat et al. (1991) also evaluated the role of neutrophils in the host response to
infection with E. ictaluri, but were not able to demonstrate killing even when cultures were
supplemented with immune serum.
In studies to evaluate the invasive ability of E. ictaluri in non-phagocytic cells, Janda et
al. (1991) reported that five isolates were unable to invade and replicate in human larynx
epithelioma, HEp-2, cells, although 92% of E. tarda isolates were positive for invasion and
intracellular growth. Silva (1998), however, reported that E. ictaluri is capable of invading and
replicating in the channel catfish ovary (CCO) cell line. Skirpstunas and Baldwin (2002)
reported that E. ictaluri was invasive in IEC-6 (rat small intestinal epithelium) cells, Henle 407
(human embryonic intestinal epithelium) cells, and FHM (fathead minnow) cells. Their results
further suggested that actin polymerization and receptor-mediated endocytosis are involved in
uptake of E. ictaluri by IEC-6 epithelial cells.
Previous studies on the interaction of E. ictaluri and macrophages demonstrated that
catfish macrophages from both naïve and immune fish are capable of killing E. ictaluri (Sheldon
and Blazer, 1991); (Shoemaker et al., 1997). Shoemaker et al (1997), however, used squalene to
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elicit peritoneal macrophages, which are activated by the process and are unlikely to support
survival and replication of E. ictaluri. Sheldon and Blazer (1991) used a fluorescent live/dead
staining procedure to visually evaluate E. ictaluri in head kidney derived macrophages (HKDM).
They reported on the killing activity of the HKDM, but hinted at the possibility that E. ictaluri
was replicating. Despite the importance of the macrophage as a host for many intracellular
bacterial pathogens and the importance of this knowledge to the application of appropriate
prevention and control procedures (Kaufmann, 1993), the potential for E. ictaluri to survive and
replicate in channel catfish macrophages has not been definitively evaluated. Consequently, the
primary objectives of this study were to investigate E. ictaluri entry, survival and replication in
channel catfish HKDM. We also compared the effects of opsonization on E. ictaluri uptake,
survival, and replication by pre-treating the bacteria with normal autologous serum, heatinactivated autologous serum or no serum.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Edwardsiella ictaluri strain 93-146 was isolated
from a moribund channel catfish at the Louisiana State University, Louisiana Aquatic Diagnostic
Laboratory, and was shown to induce 60% mortality at an immersion dose of 1.2 X 107 colony
forming units (CFU)/ml of water. Stocks were stored at -70°C with 15% glycerol. Bacterial
cultures were grown in brain heart infusion broth (BHIB, Difco, Detroit, MI) for 18 h at 28°C in
a Cel-Gro Tissue Culture Rotator (Lab-Line, Melrose, IL).
Specific pathogen-free (SPF) channel catfish. Egg masses were obtained from commercial
channel catfish producers with no history of ESC outbreaks, disinfected with 100 mg/L free
iodine, and hatched in closed recirculating systems in the LSU SPF laboratory. All experimental
fish were maintained continuously in the SPF laboratory and reared to a weight of between 200

48

and 400 grams. Holding systems consisted of four 350-liter fiberglass tanks connected to a 45 L
biological bead filter. Water temperature was maintained at 28 ± 2°C and water quality
parameters, consisting of total ammonia nitrogen, total nitrate, pH, hardness, and alkalinity, were
determined 3 times per week using a HACH (Loveland, CO) aquaculture kit. Water quality was
adjusted as necessary to maintain optimal conditions.
Tissue culture medium. Optimum medium formulation for the culture of channel catfish
HKDM was determined in our laboratory based on previous work done by Faulmann et al.
(1983) and Miller and McKinney (1994). In brief, channel catfish macrophage medium
(CCMM) consisted of RPMI Medium 1640 (GIBCO, Invitrogen Corporation, Carlsbad, CA)
diluted 9:1 with sterile distilled water (RPMI 9:1) to adjust for osmolarity, and contained 15 mM
Hepes Buffer (GIBCO, Invitrogen Corporation), 0.18% Sodium Bicarbonate (GIBCO,
Invitrogen Corporation), 0.05 mM 2-beta-mercaptoethanol (Sigma Chemicals Co., St. Louis,
MO), and 5% heat-inactivated, pooled channel catfish serum.
Collection and cultivation of head kidney derived macrophages. Channel catfish were
anesthetized with tricane methanesulfonate (MS-222) (Argent Chemical Laboratories, Redmond,
WA) and bled from the caudal vein to collect autologous serum. Anterior kidneys were
aseptically removed, and the cells were dissociated by passage through a double stainless steel
mesh (280 and 140 μm) cell dissociation sieve (Sigma Chemical Co.). Dissociated cells from
individual fish were suspended in 10 ml CCMM. Following cell counts using a hemacytometer,
the cell suspension was diluted to 1 X 107 cells/ml with CCMM and plated 1 ml/well in 24-well
poly-D-lysine-coated cell culture plates (Biocoat Cell Environments, Becton Dickinson Labware,
Bedford, MA). For microscopic observations glass cover slips coated with poly-D-lysine
(Biocoat Cell Environments) were placed in wells prior to the addition of cells. Macrophage
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were allowed to adhere for 16 h at 28°C with 5% CO2 after which they were washed three times
with warm RPMI 9:1 to remove non-adherent cells and 1 ml of fresh CCMM was added.
Following adherence and washing, the attached cells averaged 91.4 ± 1.1% macrophages, 5.4 ±
1.0% neutrophils, and 3.1 ± 0.4% unidentified cells, as determined by non-specific esterase and
Sudan Black B staining (Ellsaesser et al., 1984). Total cell numbers averaged 2.9 X 105 ± 3.8 X
104 cells per well across the five experiments conducted.
In vitro bacterial assays with macrophages. A standard gentamicin survival assay, described
previously by Elsinhorst (1997), was used to evaluate the ability of E. ictaluri to enter, survive,
and replicate in HKDM from channel catfish. Briefly, 16-hour cultures of macrophages in 24well plates containing 1-5 X 105 cells per well were used. Exactly 500 μl of a suspension
containing approximately 1 X 106 bacteria/ml was taken from an overnight late log-phase culture
of E. ictaluri and was pelleted at 10,000 rpm in an Eppendorf 5415 D centrifuge (EppendorfBrinkman, Westbury, NY) for 6 min. The supernate was decanted, and the bacteria were
resuspended in 500 μl of autologous normal serum and allowed to incubate at room temperature
(RT) for 30 min. Serial dilutions were plated on sheep blood agar plates following incubation to
determine bacterial cell viability and possible sensitivity to complement mediated lysis. Each
well of macrophages was inoculated with 10 μl (1 X 104 CFU) of the opsonized bacterial
suspension, giving a multiplicity of infection (MOI) of 1 bacteria:10 cells. The plates were
centrifuged for 5 min at 400 g to synchronize bacterial contact with macrophages and then
incubated for 30 min. Following removal of the media from each well, 1 ml of CCMM with 100
μg/ml gentamicin was added. The cells were then allowed to incubate 1 hour to insure that all
extracellular bacteria were killed, after which the cells were washed one time with RPMI 9:1 and
1 ml of CCMM with a 0.35 μg/ml static dose of gentamicin was added to control extracellular
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growth of released bacteria. Plates were then returned to the incubator and at 0 (90 min post
infection (PI)), 4, 8, and 12 h media was removed from 3 wells and the cells were lysed by
adding 100 μl of a 1% solution of Triton-X-100 (Fisher Scientific, Fair Lawn, NJ) at RT for 10
min. The lysate was then mixed thoroughly and 10-fold serial dilutions were made in sterile
saline. Dilutions were plated on sheep blood agar plates, incubated at 28°C for 48 h, and then
counted to determine the numbers of surviving E. ictaluri. This experiment was repeated five
times with triplicate wells at each time point in each experiment. In addition, cover slips with
both uninfected and infected macrophages were removed from wells without lysing, mounted on
glass slides with Permount (Fisher Scientific), stained with Hema 3 Stain Kit (Fisher Scientific),
and observed with light microscopy. Triplicate wells containing CCMM with 0.35 μg/ml
gentamicin without macrophages were also inoculated with 1 X 104 CFU of E. ictaluri and were
serially diluted and plated on blood agar at each time point to ensure that the static dose
controlled growth but did not kill the bacteria.
Determination of opsonization effects on entry, survival and replication in HKDM. A
standard gentamicin survival assay was performed as described above to evaluate the effects of
opsonization on the ability of E. ictaluri to enter, survive, and replicate in channel catfish
HKDM. An overnight culture of E. ictaluri was grown and prepared as described above, except
that the bacterial cells were pre-treated with undiluted, normal autologous serum (NS), undiluted,
heat-inactivated autologous serum (HIS) (heated at 56°C for 30 min), or RPMI 9:1 (no serum
(NoS)). Infection of HKDM was carried out as described above, and cells were lysed at 0, 4, and
8 h PI. At each time point stained cover slips were mounted and cells were counted
microscopically to determine the number of infected cells and the number of bacteria in infected
cells.
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Electron microscopy. The same assay procedures described above were used to conduct
transmission electron microscopic studies, except that the cells were seeded in wells with 13 mm
tissue-culture-treated Therminox tissue culture cover slips (Nalge Nunc, Rochester, NY),
infected at an MOI of 10:1, and incubated for 0 or 6 h. Instead of lysing cells, cover slips were
processed for transmission electron microscopy. Briefly, primary fixation was for 6 h at RT in
1.25% glutaraldehyde and 2% formaldehyde in 0.1 M sodium cacodylate buffer, with pH
adjusted to 7.4. Cells were post-fixed for 1 hour in 1% osmium tetraoxide (OsO4) in distilled
water and stained for 2 h with 2% uranyl acetate in 0.2 M sodium acetate buffer with pH
adjusted to 3.5. Ethanol-dehydrated cells were infiltrated and then embedded in epoxy resin.
Ultra-thin sections were cut on a Sorvall® model MT600 ultra microtome, mounted on 300-mesh
copper grids, and stained for 10 min with 5% uranyl acetate in distilled water. Sections were
washed three times with double-distilled water and then stained for 2 min with lead citrate.
Stained sections were examined on a Zeiss® model EM 10C microscope at various
magnifications.
Statistical analysis. The experimental design was completely randomized with a factorial
arrangement of treatments. Data were analyzed by General Linear Methods Procedure (Proc
GLM) following a natural log transformation of the numbers of CFU recovered/well (SAS
Institute, Inc. 2003). When the overall model indicated significance at p ≤ 0.05, Scheffe’s test
was used for pairwise comparison of main effects, and a least square means procedure was used
for pairwise comparison of interaction effects.
RESULTS
Intracellular survival and replication in macrophages. Results from the five experiments for
the wild-type strain are summarized and presented in Table 2.1. Cell numbers increased steadily
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from 0 h, showing an average 2.6-fold, 5.1-fold, and 7.1-fold increase at 4, 8, and 12 h
respectively. Results of survival of E. ictaluri in the static dose of gentamicin over 12 h
indicated that E. ictaluri maintained viability out to 8 h, after which numbers began to decline
significantly (Table 2.1). Light microscopic examination of stained cells showed one or two E.
ictaluri cells internalized in scattered macrophages at 0 h (Figure 2.1A). By 12 h macrophages
with more than 30 bacteria per cell were evident in some cells, with several lysed macrophages
that were releasing bacteria (Figure 2.1B). There were, however, also cells with only 1-16
bacteria per cell, indicating that not all bacteria were replicating equally. Transmission electron
micrographs confirmed bacterial uptake and internalization of E. ictaluri (Figure 2.2A) with one
or two bacteria visible within well-defined, tight-fitting membrane-bound vacuoles at 0 h. After
6 h TEM revealed numerous bacilli located in clear, spacious vacuoles (Figure 2.2B).
Opsonization effects. A comparison of initial entry and intracellular survival for E. ictaluri
after pre-treatment with normal serum (NS), heat-inactivated serum (HIS), or no serum (NoS) in
channel catfish macrophages is presented in Tables 2.2 and 2.3. At 0 h 54.0% of the NS
opsonized bacteria were internalized, compared to 0.46% in the HIS treatment, and only 0.06%
when no serum was used. Bacteria pre-treated with normal serum maintained significantly
greater numbers than the HIS or NoS treatments after both 4 and 8 h PI. All three treatments,
however, had significant increases in bacterial numbers at both 4 and 8 h PI, indicating that
opsonization did not affect the ability of E. ictaluri to replicate once the cell was entered. Nonopsonized bacteria appeared to replicate more rapidly than opsonized bacteria at 4 and 8 h PI.
DISCUSSION
The results presented here have demonstrated that E. ictaluri is capable of invading, surviving,
and replicating in channel catfish HKDM. Other investigators have alluded to the ability of E.
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Table 2.1. Intracellular survival and replication of virulent E. ictaluri strain 93-146 in head
kidney derived macrophages (HKDM) after 0, 4, 8, and 12 h. Number of colony forming units
(CFU) were also evaluated for bacteria maintained in the 0.35 :g/ml static dose of gentamicin
without HKDM. Values represent the mean ± standard error of results from five experiments
performed in triplicate at a ratio of 1 bacteria:10 HKDM. All experiments showed the same
growth trend, although there was variation between individual fish. Means with the same letter
designation in the same column are not significantly different in the least squares means
procedure (P<0.05). Negative control wells containing only macrophages showed no growth.

1

Time

CFU/Well without

Fold Increase

CFU/Well with

Fold Increase

(hrs)

Macrophages

From T0

Macrophages

from T0

01

3466 ± 1162a

4

5410 ± 3215 a

1.6

18000 ± 7200 a

2.6

8

3130 ± 2479 a

1.0

36000 ± 8500 b

5.1

12

270 ± 188 b

0.08

50000 ± 14000 b

7.1

7000 ± 2600 a

0 h is actually 90 min post-infection.
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Figure 2.1. A and B. Light microscopy of virulent E. ictaluri growth in channel catfish
macrophages. Cover slips were stained and observed at 630X. A) Macrophages after 0 h
incubation (90 min post-infection). Arrow indicates a macrophage with a single bacterium
present in cell. B) Macrophages after 12 h. Long arrow indicates a macrophage in the process
of lysing and releasing bacteria, while the short arrow indicates a macrophage containing more
than 30 bacteria as a result of intracellular replication.

55

Figure 2.2. A and B. Transmission electron microscopy images of intracellular replication of E.
ictaluri. A) Transmission electron micrograph of channel catfish macrophages infected with E.
ictaluri after 0 h incubation (90 min post-infection). Arrows indicate single bacteria in tightfitting vacuoles; B) Transmission electron micrograph after 6 h of incubation. Arrows indicate
several bacteria in typical clear, spacious vacuoles.
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Table 2.2. Percent of initial wild-type E. ictaluri recovered from head kidney derived
macrophages in a gentamicin survival assay. Bacteria were pre-treated with normal serum (NS),
heat inactivated serum (HIS), or no serum NoS. Representative data from one of three
experiments.

Percent Internalized at

Serum Treatment

1

0 hrs1 ± StdErr

NS

54.0 ± 11.2

HIS

0.46 ± 1.8

NoS

0.06 ± 0.4

0 hr is actually 90 min post-infection
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Table 2.3. Increase in number of colony forming units (CFU) over time for wild-type E. ictaluri
following infection of head kidney derived macrophages (HKDM) at a ratio of 1 bacteria:10
HKDM. Bacteria were pre-treated with either normal serum (NS), heat inactivated serum (HIS),
or no serum (NoS). Means with different letters indicate significant differences between times
for the same serum treatment in the in the least squares means procedure (P<0.05). Means with
different numbers indicate significant differences between the serum treatments at the same time
in the least squares means procedure (P<0.05). Representative data from one of three
experiments with triplicate wells for each treatment at each time.

Time (h)

Treatment

CFU/well recovered

01

NS

11000 ± 2400A,1

HIS

83 ± 33A,2

NoS

13 ± 8A,3

NS

27000 ± 1700B,1

2.4

HIS

780 ± 100 B, 2

9.4

NoS

170 ± 30B, 3

13.1

NS

65000 ± 14000C, 1

5.9

4

8

HIS

2300 ± 600C, 2
600 ± 76C, 3

NoS
1

0 hr is actually 90 min post-infection
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Fold Increase

27.9
46.2

ictaluri to survive and replicate within macrophages based on observational data. Shotts et al.
(1986), studying the pathogenesis of experimental E. ictaluri infections, described macrophages
filled with apparently viable, dividing bacteria at two weeks post-infection. Baldwin and
Newton (1993) also indicated that bacterial numbers in macrophages increased as infection
progressed following oral challenge, with some that were apparently dividing. In addition,
histological observations indicated that bacteria were generally found within the cytoplasm or in
vacuoles of phagocytic leukocytes, were not observed intracellularly in non-phagocytic cells, and
were only occasionally found free in the tissues, usually associated with degenerating leukocytes.
These previous studies, however, were unable to microscopically determine whether the bacteria
were multiplying intracellularly or whether extracellular bacteria were phagocytosed during
extracellular replication.
In studies to evaluate immunity to E. ictaluri, several investigators reported that catfish
macrophages are capable of killing E. ictaluri. Shoemaker et al. (1997) used squalene, a potent
macrophage activator (Ito et al., 1981), to recruit macrophages to the peritoneal cavity. They
reported that macrophages from both immune and naïve fish were able to kill E. ictaluri in vitro,
although macrophages from immune fish were more effective. In a study to evaluate the effect
of dietary lipid and temperature on the bactericidal activity of channel catfish macrophages from
immune and non-immune fish, Sheldon and Blazer (1991) reported phagocytic and killing
indices under a wide variety of nutritional and temperature conditions. Using differential,
fluorescent live/dead staining there was no significant difference in the phagocytic index
between immune and non-immune fish, but macrophages from immune fish had a higher killing
index than non-immune fish. Comparison of samples taken for phagocytic activity at 2.5 h postinfection to samples taken for killing activity at 6 h, however, demonstrated that significantly
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greater numbers of bacteria were present per macrophage at 6 h than at 2.5 h, causing the authors
to speculate that replication had occurred. Although the samples were rinsed at 2.5 hours,
extracellular bacteria were not killed, and it is still possible that their results were due to
phagocytosis of extracellular bacteria that remained after rinsing.
Opsonization with normal serum significantly increased uptake of E. ictaluri by channel
catfish macrophages. This contrasts with Jenkins and Ourth (1993) who reported that
opsonization with complement did not significantly affect phagocytosis of E. ictaluri by
monocytic cells. They used formalin inactivated bacteria, however, while the present study used
a live, virulent strain. Opsonization could effect which host-cell receptor mediates bacterial cell
entry and subsequently alter intracellular trafficking of the bacteria. Rathman et al. (1997)
reported that invasion and intracellular trafficking of Salmonella typhimurium is independent of
the mechanism of bacterial entry and is only dependent on bacterial cell viability. This contrasts
with Ishibashi and Arai’s (1990) suggestion that the mechanism of entry may influence later
fusion of the phagosome-lysosome, affecting bacterial intracellular survival and replication. The
greater fold-increase results for non-opsonized bacteria in the present study suggest that
opsonization may affect the processing pathway for E. ictaluri. Virulent E. ictaluri opsonized
with NS was taken up much more effectively by the macrophage, but when fold increase in
numbers over 8 h was calculated, the few non-opsonized bacteria taken up increased at a greater
rate than the NS opsonized bacteria. It is possible that the non-opsonized bacteria are entering
the HKDM via different ligands or receptors, resulting in an alteration in intracellular processing
and increased rates of bacterial replication. However, the lower fold-increase in numbers of NS
opsonized bacteria over time could be because significantly more bacteria were initially present.
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Nascent E. ictaluri vacuoles were tightly fitted, similar to the vacuole described for
Yersinia enterocolitica (Alpuche-Aranda et al., 1994). The narrow, clear zone around the
nascent vacuole, visible in TEM, is probably an artifact due to bacterial shrinkage during fixation
as described for Shigella flexneri (Sansonetti et al., 1986). The Y. enterocolitica vacuoles,
however, remain tight fitting, while the E. ictaluri vacuoles enlarge into a spacious, clear
vacuole, similar to those reported for S. typhimurium in bone marrow-derived macrophages from
mice (Alpuche-Aranda et al., 1994). With S. typhimurium, initial vacuoles formed as early as 30
min and tight fitting vacuoles were not evident. S. typhimurium vacuoles enlarged further by
fusion with other vacuoles and macropinosomes in the cell. Scherer and Miller (2001) reported
that vacuoles containing virulent S. typhimurium only maintain their size for 4 to 6 h, after which
they begin to shrink. It is unclear from the results reported in this study if the same happens with
E. ictaluri vacuoles because samples for electron microscopy were not taken beyond 6 h.
Scherer and Miller (2001) also reported that the ability to form these spacious vacuoles
correlated with virulence of S. typhimurium. Ongoing investigations in our laboratory are
evaluating the role of vacuole formation and characteristics on E. ictaluri pathogenesis.
The observation that non-opsonized E. ictaluri appeared to replicate more rapidly than
opsonized E. ictaluri after internalization is in contrast to the results of Srinivasa Rao et al.
(2001) for E. tarda, who reported that opsonized E. tarda increased 4-7 fold after 6.5 h in
HKDM from blue gourami, compared to a 3-4 fold for non-opsonized cells. Opsonization had
no effect on the uptake of S. typhimurium into murine bone-marrow derived macrophages,
although uptake was enhanced by opsonization with specific antibody, apparently because of an
increase in binding of bacteria to macrophages (Alpuche-Aranda et al., 1994). Under the growth
conditions employed in the present study, initial attachment and entry of E. ictaluri into HKDM
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was very poor unless the cells were pre-treated with normal serum, indicating either lack of, or
poor expression of, specific E. ictaluri adhesions for macrophage entry.
The observation of some HKDM containing 30 pus bacteria while others contained 1-16
at 12 hours PI could simply be a result of the phagocytosis of dead E. ictaluri cells following
administration of the gentamicin killing dose. Using an induced monocyte-like cell line,
however, Abshire and Neidhardt {, 1993 #92} demonstrated that intracellular S. typhimurium
consist of at least two populations, one static and one rapidly dividing. The authors speculate
that the static, non-growing state may be important to survival in response to extreme changes in
environmental conditions. Because of the increased impact of external environmental conditions
on the physiological balance of aquatic poikilotherms, this response may even be of more
importance for aquatic pathogens. Further work is needed to establish a true static population of
E. ictaluri in HKDM.
In conclusion, this study documents that E. ictaluri is able to invade, survive, and
replicate in channel catfish macrophages. In an attempt to make our in vitro conditions most
closely resemble first exposure to a natural infection, resident, non-activated head kidney
macrophages were used and bacteria were opsonized with normal autologous serum. The
successful entry of E. ictaluri into head kidney macrophages when opsonized with HIS or NoS,
albeit at much lower levels than when opsonized with NS, indicates that E. ictaluri may have a
surface invasion ligand capable of recognizing a specific receptor on the macrophage. Studies to
characterize possible differences in processing pathways and to determine the nature of any
receptors and ligands, including their role in entry into host cells, are needed.
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CHAPTER 3

IDENTIFICATION OF THE EDWARDSIELLA ICTALURI UREG MUTANT: EFFECTS
OF INACTIVATION OF UREASE ACTIVITY ON PATHOGENESIS IN THE
CHANNEL CATFISH HOST, ICTALURUS PUNCTATUS

INTRODUCTION
Edwardsiella ictaluri is the causative agent of enteric septicemia in channel catfish. Each
year this pathogen causes major economic losses in the catfish farming industry, making the
organism a prime target for research efforts aimed at developing more effective treatment and
prevention measures. Identification of genes associated with the virulence of E. ictaluri is vitally
important for achieving this goal.
While the disease process and associated pathology of ESC have been well characterized,
very little is known about the genetic virulence factors involved in the pathogenesis of E.
ictaluri. In order to learn more about the genetic factors involved in pathogenesis, a signaturetagged mutagenesis (STM) study of E. ictaluri was performed. STM has been used to identify
virulence factors in a wide variety of pathogens, including Staphylococcus aureus, Vibrio
cholerae, Yersinia enterocolitica, Mycobacterium tuberculosis, and Legionella pneumophila
(Camacho et al., 1999; Chiang and Mekalanos, 1998; Darwin and Miller, 1999; Edelstein et al.,
1999; Hensel, 1998; Mei et al., 1997) among others, and several published reviews are available
(Autret and Charbit, 2005; Hayes, 2003; Mecsas, 2002). The STM technique used in this study,
first described by Lehoux, et al. (1999), makes use of transposon insertion mutagenesis, where
each transposon carries a unique tag that can be identified by polymerase chain reaction (PCR)
analysis. Pools of uniquely tagged transposon insertion mutant strains are used to infect a
suitable host. Following infection, the organisms which are able to invade and persist in vivo are

66

recovered from host tissue and screened by PCR. Those strains found to be missing from the
host tissue are assumed to have the transposon insertion in genes involved in pathogenesis
(Lehoux et al., 1999). Sequencing from the ends of the insertion cassette in those strains allows
the identification of the affected gene.
One of the mutants strains identified from the STM study of E. ictaluri was strain 84LM.
This mutant carried an insertion in a gene with similarity to ureG, a gene that encodes a GTPbinding accessory protein that is part of the urease enzyme complex, functioning in the energydependent assembly of the holoenzyme (Mobley et al., 1995). A second mutant strain identified
from the STM study was 243NO. This mutant carried an insertion in a gene with similarity to
ureF, a gene that encodes another urease accessory protein that is thought to function in the
generation or delivery of carbon dioxide to the urease metallocenter assembly site (Mobley et al.,
1995). Both ureG and ureF are known to be essential for urease activity (Chang et al., 2004;
Heimer and Mobley, 2001; Kim et al., 1999; Lee et al., 1992; Moncrief and Hausinger, 1997, ,
1996; Mulrooney and Hausinger, 1990; Park and Hausinger, 1995; Soriano et al., 2000; Soriano
and Hausinger, 1999). The identification of two mutants with an insertion in urease accessory
genes highlights the important role that urease might play in pathogenesis of E. ictaluri, despite
its biochemical characterization as a “urease-negative” organism.
The results of studies done to sequence and characterize the flanking regions around the
transposon insertion in strain 84LM (ureG mutant), and to determine the role that urease plays in
the pathogenesis of E. ictaluri in channel catfish as measured in mortality and persistence studies
are presented here. A competition challenge with the WT parental strain was also performed
where fish were co-infected with the 84LM strain or a complemented 84LM strain to determine
if the WT strain was able to complement the defect in the attenuated mutant strain in vivo.

67

Finally, the effect of disruption of E. ictaluri’s ureG on intracellular survival and replication in
channel catfish macrophages was assessed
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in
this study are listed in Table 3.1. Unless otherwise noted, E. coli was grown in Luria-Bertani
broth (LB) at 37ºC and E. ictaluri strains were grown in brain-heart infusion (BHI) broth at
28ºC. Escherichia coli strain CC118 λpir of was used to maintain the delivery plasmids and to
isolate plasmid DNA prior to introduction into the conjugate E. coli strain, S17-1 λpir .
Antibiotics were used in the following concentrations: kanamycin (Km) at 50 µg ml-1, colistin
(Col) at 10 µg ml-1, tetracycline (Tet) at 65 µg ml-1, and ampicillin (Amp) at 20 µg ml-1. E.
ictaluri transconjugates that were re-isolated from fish were grown on tripticase-soy agar plates
supplemented with 5% de-fibrinated sheep blood (BA).
Specific-pathogen-free (SPF) channel catfish. Egg masses were obtained from commercial
channel catfish producers with no history of ESC outbreaks, disinfected with 100 mg/L free
iodine, and hatched in closed recirculating systems in the LSU SPF laboratory. All experimental
fish were maintained continuously in the SPF laboratory. Holding systems consisted of four 350liter fiberglass tanks connected to a 45 L biological bead filter. Water temperature was
maintained at 28 ± 2°C and water quality parameters, consisting of total ammonia nitrogen, total
nitrate, pH, hardness, and alkalinity, were determined 3 times per week using a HACH
(Loveland, CO) aquaculture kit. Water quality was adjusted as necessary to maintain optimal
conditions.
Signature Tagged Mutagenesis. The development and verification of an STM plasmid has
been described (Thune et al., 2006). Briefly, plasmid pUT-miniTn5Km-MCS was digested with
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Table 3.1. Bacterial strains and plasmids used in this project.
Strain or Plasmid
Escherichia coli
CC118 λpir

Description

Δ(ara-leu) araD ΔlacX74 galE galK phoA20
thi-1 rpsE rpoB argE (Am) recA λpir lysogen
S17-1 λpir
Tp Sm thi, pro, recA, hdsR-M+, RP4-2Tc:Mu:Km Tn7 λpir
XL1-Blue MRF′ -hsdSMR-mrr) 173 endA1 supE44 thi-1 recA1
gyrA96 relA1 lac [F′ proABblacIgZ.M15 Tn5
(Kan)]
Edwardsiella ictaluri
93-146
Wild-type E. ictaluri isolated in 1993 from
moribund channel catfish in a natural outbreak
of ESC on a commercial farm
84LM

Derived from the parental WT strain 93-146,
having an insertion of STM tag L/M in the ureG
gene

Plasmids
pBluescript SK-

Phagemid cloning vector

pUT-miniTn5Km

Delivery plasmid carrying mini-Tn5Km

pUT-Km-MCS
pUT-Km-STM

pUT-mini Tn5Km with multiple cloning site
containing EcoRV, Xba1, and Apa1 restriction
sites
pUT-Km-MCS carrying a specific tag in MCS

pBBR1MCS-3

Broad host range vector (TetR)
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Source
(de Lorenzo et al.,
1990)
(de Lorenzo et al.,
1990)
Stratgene, La
Jolla, CA
Louisiana
Aquatic
Diagnostic
Laboratory
(This study)

Stratagene, La
Jolla, CA
(de Lorenzo et al.,
1990)
(Thune et al.,
2006)
(Thune et al.,
2006)
(Kovach et al.,
1995)

EcoRV and treated with alkaline phosphatase (CIAP) (New England Biolabs, Inc., Beverly, MA)
to prevent re-annealing. The twelve tags reported by Lehoux, et al. (1999), were synthesized and
were designated STM-A/B to STM-Y/Z, excluding the letters I and Q. Synthesized tags were
phosphorylated using T4 polynucleotide kinase following manufacturer’s protocol (New
England Biolabs, Inc., Beverly, MA) and ligated to pUT-miniTn5Km-MCS using T4 DNA
ligase ((New England Biolabs, Inc., Beverly, MA). The new plasmids were designated pUTKm-STM-A/B…Y/Z, depending on which tag was inserted.
Tagged E. ictaluri mutants were then made by conjugation as described previously
(Maurer et al., 2001). Briefly, E. ictaluri 93-146 was mated with E. coli S17-1 λpir containing
the tagged pUT-Km-STM, after which the transconjugates were suspended in 10 mM MgSO4
with 15% added glycerol and aliquots were stored at -80ºC. Specificity of the tags in the E.
ictaluri background was confirmed by PCR as described by Thune, et al. (2006). Three of the
tags, E/F, J/K and W/X, were not included in the STM study because they amplified non-specific
products from tagged E. ictaluri chromosomal DNA.
Generation of the mutant pools was carried out as described by Thune, et al. (2006).
Briefly, following selection of the transconjugates, 5 ml of culture of one transconjugate from
each of the nine tagged libraries were combined to create 45 ml “In-Pools”. Aliquots of
individual transconjugates were stored in BHI broth containing 15% glycerol (v/v) in microfuge
tubes at -80ºC. Five hundred microliters was removed from each “In-Pool”, pelleted, resuspended in distilled deionized water (ddH2O), boiled for 15 minutes, pelleted again, and the
supernatant used in PCR to verify that nine mutants, each carrying an individual tag, were
present.
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Screening of mutant “In-Pools”. Screening of mutant pools was carried out as described by
Thune, et al. (2006). Briefly, experimental SPF fish were transferred to a separate laboratory
into 20 L tanks supplied with a continuous flow of de-chlorinated municipal water maintained at
25 ± 1ºC at a flow rate of 500-600 ml per minute. Fish were stocked at a density of 20 fish per
tank and fed commercial catfish feed every other day during a four week acclimation. One tank
of 20 fish was infected with each “In-Pool” produced. Water flow was stopped, tank volumes
were lowered to 4 L, 40 ml of the mixed “In-Pool” culture was added to achieve a final bacterial
concentration of approximately 1 X 108 colony forming units (CFU) per milliliter, and water
flow was resumed after 30 minutes. When fish mortalities began, about six to seven days postinfection, bacteria were isolated from three separate dead or moribund fish by spreading liver
tissue homogenates on BA plates. At least 10,000 colonies recovered from each fish constituted
the “Out-Pool” used to evaluate transconjugates lost in the infection process. Colonies were
washed off the recovery plates with sterile saline and were assayed by PCR as described for the
“In-Pools”.
Polymerase Chain Reaction. PCR was performed as described by Thune, et al. (2006).
Briefly, PCR was performed in a GeneAmp 9700 thermal cycler (PE-Applied Biosystems, Foster
City, CA) as nine different reactions (one per tag) for each “In-Pool” and all three “Out-Pools”.
Each reaction was performed in a 50 µl volume consisting of 3 µl of boil-prepped DNA, 1.0 Unit
of Amplitaq DNA polymerase (Perkin Elmer, Foster City, CA), and final concentrations of 200
µM of each dNTP, 1X Perkin Elmer PCR buffer containing 1.5 mM MgCl2 (Perkin Elmer,
Foster City, CA), 0.5 µM of the specific tag primer, and 0.5 µM of STM-comp primer. Cycling
parameters were 95º C for 5 min, followed by 2 cycles each of 95ºC for 30 s, 65ºC-56ºC
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(decreasing by increments of 1ºC every second cycle) for 45 s, and 72 º C for 10 min, followed
by 17 cycles of 95ºC for 30 s, 55ºC for 45 s, and 72ºC for 10 min.
Cloning and sequencing of the flanking DNA. Cloning of the flanking DNA was performed as
described by Thune, et al. (2006). Briefly, E. ictaluri strain 84LM was found to be missing from
the “Out-Pools” of all three fish examined and was considered to be an attenuated mutant. Strain
84LM was further evaluated to determine the identity of the gene where the insertion occurred.
Chromosomal DNA was isolated according to the method of Ausubel et al. (Ausubel et al., 1994)
and digested with ClaI, which did not cut the Km-STM transposon. Plasmid DNA from
pBluescript SK- (Stratagene, La Jolla, CA) was also cut with ClaI and treated with calf intestinal
alkaline phosphatase (CIAP) prior to ligation to the digested 84LM chromosomal DNA and
subsequent electroporation into E. coli XL1-MRF′. Transformants were allowed a one hour
recovery in LB broth, and spread onto LB-KmAmp agar plates for selection of transformants
carrying the mini-Tn5-Km-STM-L/M transposon and associated chromosomal DNA flanking the
site of insertion. Plasmid DNA was isolated from the selected colonies using the QIAPrep Spin
Mini-Prep Kit (Qiagen, Valencia, CA), and the region adjacent to the tagged end of the
transposon was sequenced using the tag specific primer (L/M) on an ABI-Prism 377 automated
sequencer (PE-Applied Biosystems, Foster City, CA). A search was made of the National
Center for Biotechnology Information (NCBI) databases using Basic Local Alignment Search
Tool (BLAST) to identify the gene in which the insertion was located.
The procedure used to further sequence the region surrounding the insert was performed
as described by Thune et al. (2006). Briefly, a 166 bp PCR product was amplified from the
pBluescript plasmid carrying the sub-cloned 84LM insertion using primers designed from the
ureG homologue sequence: 84LMLib1 (GACTTCTTATTTACACACAGCG) and 84LMLib2
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(CTTTTTTCCCCACACAAC). This 166 BP fragment was labeled using the ECL DNA
labeling system (Amersham Pharmacia Biotech, Piscataway, NJ) and was used as a probe to
screen a previously described λ Zap Express E. ictaluri genomic library (Thune et al., 1999)
according to the manufacturer’s instructions (Stratagene, Inc., La Jolla, CA). The pBK-CMV
phagemid was excised from hybridization positive plaques with the ExAssist helper phage and E.
coli XLOLR according to the Zap Express protocol, and was sequenced as described above.
Confirmation of a single insertion event in the ureG mutant 84LM. A single insertion event
was confirmed using genomic DNA prepared from the 84LM strain using the standard method of
Ausubel (1994). A total of 10 µg of this DNA was digested to completion with ClaI, which does
not cut the Km-STM transposon. Digested genomic DNA was separated on a 1% agarose gel
and transferred to an ECL Hybond N+nylon membrane (Amersham Pharmacia Biotech,
Piscataway, NJ). A 373 bp Km-STM PCR product was amplified using primers Tn5kan+
(ACACGTAGAAAGCCAGTCCG) and Tn5kan- (CCCAGTCATAGCCGAATAG) and labeled
using the ECL nucleic acid labeling system (Amersham Pharmacia Biotech, Piscataway, NJ).
The probe was hybridized to the 84LM genomic DNA on the membrane, and detected using the
ECL detection reagents according to manufacturer’s instructions.
Construction of complemented 84LM mutant strain. A 6.2 Kb fragment composed of the
urease genes identified from the sequence of genomic DNA carried in the pBK-CMV plasmid
(ureEFGDI and amtB) was digested with Pst1 (New England Biolabs, Inc., Beverly, MA), gel
purified using the Mo Bio Ultra Clean Gel Spin Kit (Mo Bio Laboratories, Inc., Carlsbad, CA),
ligated into pBBR1MCS-3 (Kovach et al., 1995) as described above, and electroporated into E.
coli CC118 λpir for maintenance and plasmid amplification. The pBBR1MCS-3/pUre plasmid
was then purified from E. coli CC118 λpir and electroporated into the conjugation strain, E. coli
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S17-1 λpir. E. coli S17-1 λpir carrying the pBBR1MCS-3/pure was then mated with E. ictaluri
84LM and the WT strain as described above. Presence of pBBR1MCS-3/pure in 84LM and the
WT was confirmed by plasmid purification and Pst1 digest. The complemented mutant was
designated 84LM/pUre, while the WT strain carrying the plasmid was designated WT/pUre.
Competitive challenge with WT E. ictaluri. One tank of twenty-five fish was inoculated by
immersion challenge as described above. After lowering the tank water level to 4 liters and
turning off water flow, 40 ml (approximately 1 X 107 CFU/ml final concentration) of wild type
(WT) strain 93-146 and 40 ml (approximately 1 X 107 CFU/ml final concentration) of the 84LM
strain or the complemented 84LM/pUre strain, were added to the water and left for 1 hour, after
which the water flow was resumed. Air circulation was constant during challenge. Liver
samples were removed from fish that died, weighed, homogenized and spread on both BHI agar
and BHI/Km (for selection of the mutant strains) agar plates. The plates were incubated at 28ºC
for 48 hours, after which WT and mutant CFU/gm of tissue was determined. The competitive
index (CI) was determined as described by Thune, et al. (2006). Briefly, the recovery ratio of
mutant/WT was divided by the input ratio of mutant/WT, with values closer to 0 indicating
greater attenuation compared to values closer to 1. A CI of 0.0 indicates that no mutants were
recovered.
Mortality Assay. Three tanks of twenty-five fish were inoculated by immersion challenge as
described above with 80 ml (approximately 1 X 107 CFU/ml final concentration) of WT,
WT/p/Ure, 84LM, or the complemented 84LM/ pUre for one hour and observed for mortality.
Inoculation with 80 ml BHI broth served as a negative control. Liver samples from all dead fish
were streaked on BA plates and incubated at 28ºC for 48 hours to confirm the presence of E.
ictaluri.
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Persistence Studies. One tank of 25 fish was inoculated by immersion challenge as described
above with 80 ml (approximately 1 X 107 CFU/ml final concentration) of the WT, 84LM or the
complemented 84LM/pUre strain for 15 minutes. One tank inoculated with 80 ml BHI broth
served as a negative control. Three fish were removed and euthanized daily from each tank
during an 8 day period. Head kidney tissue was removed from the fish, weighed, homogenized,
spread on BA plates, and incubated at 28ºC for 48 hours. Recovered CFU/gm of tissue was
determined for each strain.
Intracellular Survival in Channel Catfish Macrophages. The gentamicin survival assay was
performed as previously described (Booth et al., 2005). Briefly, macrophages were prepared
from channel catfish head kidney tissue, seeded in 24-well plates, and allowed to adhere
overnight. The next day, macrophages were inoculated with approximately 1 X 104 CFU of the
WT stain of E. ictaluri or the ureG mutant strain (multiplicity of infection (MOI) 1:10).
Following 30 minute incubation, gentamicin was added to each well at a final concentration of
100 µg/ml to kill extracellular bacteria. At 0, 4, and 8 hours post infection (PI) the cells were
lysed with 100 µl of a 1% Triton X-100 solution (Fisher Scientific, Fair Lawn, NJ) at room
temperature for 10 minutes, serially diluted, and spread on blood agar plates to determine percent
survival.
Statistical Analysis. The mortality, persistence and competition challenge experimental design
was completely randomized with a factorial arrangement of treatments. Data were analyzed by
General Linear Methods Procedure (Proc GLM) following a natural log transformation of the
numbers of CFU recovered/well (SAS Institute, Inc. 2003). When the overall model indicated
significance at p ≤ 0.05, Scheffe’s test was used for pairwise comparison of main effects, and a
least square means procedure was used for pairwise comparison of interaction effects.
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RESULTS
Screening of output pools by PCR. PCR analysis of the output pools recovered from three
dead fish from a tank challenged with input pool number 84 revealed that the mutant carrying tag
L/M was missing from all three fish tested (Figure 3.1A and 3.1B).
Sequencing of flanking region surrounding insert. Sequencing of the flanking regions
surrounding the insert and subsequent BLAST search of NCBI databases showed the insert in
transconjugate 84LM to be located near the carboxyl end of a gene with similarity to ureG.
Screening of an E. ictaluri Lambda library with a labeled probe generated from the ureG
homologue identified a clone harboring the pBK-CMV phagemid carrying E. ictaluri DNA that
hybridized strongly to the probe. This clone was isolated and the pBK-CMV phagemid purified
and sequenced. Sequencing revealed the presence of four urease accessory genes, ureEFGD, a
gene with similarity to ureI, a urea transporter, and a gene with similarity to amtB, an ammonium
transporter (Figure 3.2). The entire sequence of 4627 bp was submitted to Gene Bank and is
available as accession number AY607844. Further BLAST analysis of the recently available E.
ictaluri genome database (http://microgen.ouhsc.edu/index.html), using the phagemid
sequence, revealed the presence of genes encoding the urease enzymatic subunits, ureABC,
located just upstream of the accessory protein genes. The entire urease gene complex has now
been submitted to Gene Bank (accession number AY607844).
Confirmation of single insert. A Southern blot of ClaI digested DNA from transconjugate
84LM detected a single band upon hybridization with a Kan probe, indicating a single insertion
event in this strain (Figure 3.3).
Construction of complementation plasmid pUre and confirmation of presence in 84LM.
Following ligation of the PstI generated ure fragment into pBBR1MCS-3 and eventual
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A

A/B C/D G/H L/M N/O P/R S/T U/V Y/Z

A/B C/D G/H L/M N/O P/R S/T U/V Y/Z

B

A/B C/D G/H L/M N/O P/R S/T U/V Y/Z

A/B C/D G/H L/M N/O P/R S/T U/V Y/Z

A/B C/D G/H L/M N/O P/R S/T U/V Y/Z

Figure 3.1.A and B. PCR results from output pool of 3 fish infected with pool number 84. A)
PCR screening of output pool recovered from fish number 1 showing tag L/M and S/T to be
missing. Tag identities are noted at top of figure. B) PCR screening of output pool recovered
from fish number 2 (left) and 3 (right), showing only a slight band for tag LM to be present in
fish number 2 and missing completely in fish number 3. Tag S/T was also missing from these
fish. Tag identities are noted at top of figure.
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E. ictaluri Urease Genes
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Figure 3.2. E. ictaluri urease genes. Sequencing and subsequent BLAST search of the NCBI
databases identified the insert to be located in the carboxy terminus of a gene with similarity to
ureG. Further sequencing of the region identified the presence of ureEFGD, as well as ureI
(urea transporter (UT)) and a putative ammonium transporter. The insert position is designated
by the blue line above ureG. The sequence is available through Gene Bank (accession number
AY607844). Analysis of the recently sequenced E. ictaluri genome allowed the identification of
the enzymatic subunit genes, ureABC, located just upstream of the accessory proteins.
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Figure 3.3. Southern blot to confirm single insertion event in 84LM. ClaI digested DNA from
transconjugate 84LM was hybridized with a labeled Kan probe. Generation of a single band is
indicative of a single insertion event.
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conjugation into strain 84LM (now designated 84LM/pUre), the plasmid was purified from two
isolates of 84LM/pUre, digested with PstI, and analyzed on a 0.7% agarose gel. The resulting
image showed 4 distinct bands that could be identified as the vector (5.2 Kb), the ure insert (6.2
Kb), and the two native plasmids, pEI1 and pEI2 (Figure 3.4).
Competitive challenge with WT E. ictaluri. Competitive challenge with 84LM or 84LM/pUre
and the WT strain of E. ictaluri resulted in a competitive index of 0.0 for both 84LM and the
84LM/pUre strain. Four dead fish were tested from both challenge groups and neither 84LM nor
84LM/pUre was recovered from any fish. In contrast, an average of 4.5E+05 (+/- 9.7E+04) and
8.4E+05 (+/- 2.4E+06) WT organisms were recovered from the same challenges respectively
(Table 3.2). The deficiency in 84LM was not complemented in the 84LM/pUre strain as the
ability to establish and maintain infection in the presence of WT was not restored. Results also
reveal that the WT strain is unable to complement the defect in 84LM or 84LM/pUre through the
production of a secreted factor in a co-infection model.
Mortality studies. Mortality results are shown in Figure 3.5. No mortalities were observed in
fish challenged with the 84LM (ureG mutant), the complemented 84LM/pUre, or the BHI broth
during the 28 day study. The pUre plasmid did not complement the defect in 84LM, as the
ability to cause mortality was not restored in the 84LM/pUre strain. Average mortality for the
fish challenged with WT reached 59% by day 28, while the mortality for the WT carrying the
pUre complementation plasmid reached only 30%. These results indicate that the presence of
the pBBR1MCS-3/pUre plasmid in the WT strain had an attenuating effect as evidenced by the
reduction in mortalities during infection with the WT/pUre strain by almost 50%.
Persistence studies. WT persisted and increased in numbers by more than 2.5 logs by day 7
(Figure 3.6). No data was available for day 8 of WT challenged fish as all fish had died by day

80

Figure 3.4. Confirmation of pUre structure and presence in 84LM. PstI digest of pBBR1MCS3/pure. Lane are as follows: 1) pUre, showing the vector (5.2 Kb) and ure insert (6.2 Kb); 2)
84LM/pUre-1, showing vector, insert and native plasmids; 3- 84LM/pUre-2, showing vector,
insert and native plasmids; and 4) 84LM showing the two native plasmids, pEI1 (4 Kb) and
pEI2 (5.6 Kb). Far right lane contains the molecular weight marker.
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Table 3.2. Results of competition challenge of channel catfish fingerlings with WT and 84LM
or 84LM/pUre. Weighed head kidney tissue was homogenized and plated on BHI and BHI/Kan
(for selection of mutants) in order to determine CFU/gm of tissue recovered. The recovery ratio
of mutant/WT was divided by the input ratio of mutant/WT, with values closer to 0 indicating
greater attenuation compared to values closer to 1. A CI of 0.0 indicates that no mutants were
recovered. A control tank was inoculated with WT alone as a negative control

Strain

N=

Avg CFU/gm
Tissue WT

Avg CFU/gm
Tissue Mutant

Competitive
Index

84LM

4

4.5E+05
(+/- 9.7E+04)

0.0E+0

0.0

84LM/pUre

4

8.4E+06
(+/- 2.4E+06)

0.0E+0

0.0

WT
(Control)

3

2.2E+07
(+/- 5.3E+06)

0.0E+0
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Figure 3.5. Mortality results for WT, WT/pUre, 84LM (ureG mutant), and complemented
84LM/pUre in juvenile channel catfish. Each point is the average mortality in three replicate
tanks of 25 fish. There were no mortalities in any of the tanks infected with 84LM, 84LM/pUre,
or the control BHI broth.
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Figure 3.6. Persistence results for WT, 84LM (ureG mutant), and the complemented
84LM/pUre strain in juvenile channel catfish. Each point represents the average CFU/gm of
tissue from three individual fish and transformed to LOG10 values. Error bars represent the
standard deviation among three fish tested each day. All fish from the WT group had died by
day 7 so there are no values for day 8 in this treatment group.
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7. The 84LM (ureG mutant) numbers declined and the strain was cleared from head kidney
tissue by day 8. At day 1 the numbers of recovered bacteria from the fish challenged with the
complemented 84LM/pUre strain were almost 4 logs higher than those recovered from fish
challenged with 84LM and were comparable to the numbers recovered from fish challenged with
WT. Despite the initial high recovery of the complemented 84LM/pUre strain, its numbers
continued to decline over time and the strain was almost totally cleared by day 8, again
indicating that the defect in 84LM was not restored by the presence of pUre.
Intracellular Survival in Channel Catfish Macrophages. Survival and replication of WT and
the ureG mutant strain in channel catfish head kidney derived macrophages are presented in
Figure 3.7. Disruption of ureG significantly reduced growth of E. ictaluri in channel catfish
head kidney-derived macrophages almost 10- fold after 8 and 12 hour incubation. Disruption of
ureG did not have any significant effect on uptake of E. ictaluri by macrophage. Light
microscopy showed only 1 or 2 bacteria in isolated macrophage cells at all time points with the
ureG stain (data not shown).
DISCUSSION
Traditional in vitro biochemical tests indicate that E. ictaluri is a urease negative organism (Holt
et al., 1994; Waltman et al., 1986) so it was surprising to find urease accessory protein genes
represented twice among the attenuated mutants identified by STM. However, Yersinia
enterocolitica’s urease activity, essential for virulence, is virtually undetectable when measured
at neutral pH in the intact organism but increases rapidly in acidic media (Scott et al., 2002). In
the Gram positive organism, S. salivarius, is virtually undetectable at neutral pH, being regulated
solely by environmental pH (Chen et al., 1998). The results reported here suggest that this may
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Figure 3.7. Intracellular survival and replication of WT and the ureG mutant strain in channel
catfish macrophage. While WT E. ictaluri increased in numbers to 1800% by 12 hours PI, the
ureG strain was significantly attenuated for replication within the macrophages, increasing in
numbers to less than 300% by 12 hours PI. The mutant strain was, however, able to survive
within these cells. There was no significant difference in percent uptake of either of the strains.
(* p ≤ 0.001). Results shown are representative of three replicate studies.

86

be the case with E. ictaluri. The standard test for the production of urease by bacteria is based
on the production of ammonia and the resulting alkaline pH change. A pH indicator, phenol red,
which has a pK of 7.9, is typically used and shows a pH change in a range from 6.8 to 8.1 (Atlas,
1993), so urease activity that only occurs at low pH would not be detected.
While the presence of urease accessory protein genes is not a definitive indication of an
active urease gene complex, the mortality, persistence, and competition challenge results suggest
that ureG is essential for colonization of the channel catfish host and that the complete complex
may indeed be active in E. ictaluri. The ureG mutant strain was able to invade host tissue, as
indicated by the persistence results, albeit at lower levels than the WT or the complimented
mutant strain, but was incapable of sustaining that infection, as demonstrated by the complete
clearance by day 8 of the challenge. Infection with the ureG mutant strain resulted in no
mortalities over a 23 day period following infection, whereas infection with the WT strain
resulted in nearly 60% mortality over the same time period. Disruption of the ureG gene also
significantly affected intracellular replication in macrophages. The ureG strain was taken up as
well as the WT strain and was able to survive during the 12 hour assay, but was significantly
attenuated for replication. .
Attempts to complement the deficiency in 84LM with the pBBR1MCS-3/pUre plasmid
were unsuccessful. The ability to cause mortalities was not restored during infection with the
complemented 84LM strain, and mortality effects were reduced by 50% when the plasmid was
present in the WT strain. These results suggest that either the size (11 Kb) or the mere presence
of the plasmid was attenuating in the WT strain. E. ictaluri has two native plasmids, pEI1 and
pEI2, which have been characterized and sequenced (Fernandez et al., 2001). The STM study of
E. ictaluri identified two genes required for virulence in channel catfish that were located on
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these plasmids (Thune et al., 2006). It is possible that the presence of an additional plasmid
affects the expression of virulence factors located on these native plasmids. Recent results
suggest that copy number of the native plasmids is altered upon introduction of a third
exogenous plasmid (unpublished data). Alternatively, the size of the plasmid may be attenuating
if maintenance requires an inordinate amount of energy. A recently published study of the effects
of cloning vectors and fluorescent protein markers on intracellular replication and in vivo
pathogenesis of S. enterica suggests that the mere presence of these can impair the ability of S.
enterica to replicate intracellularly and in host tissues (Knodler et al., 2005). The tet gene,
carried as a selective marker on pBBR1MCS-3 used in this study for complementation of the
ureG defect, was also shown recently to affect bacterial survival in macrophages (Abromaitis et
al., 2005).
All of the urease accessory proteins (E, F, G and D) are required for urease activity
(Chang et al., 2004; Heimer and Mobley, 2001; Kim et al., 1999; Lee et al., 1992; Moncrief and
Hausinger, 1997, , 1996; Mulrooney and Hausinger, 1990; Park and Hausinger, 1995; Soriano
et al., 2000; Soriano and Hausinger, 1999), and this activity is required for colonization by
several pathogens. An H. pylori ureG mutant strain that still produced the enzyme proteins but
lacked enzymatic activity was incapable of colonization of gnotobiotic piglets (Eaton and
Krakowa, 1994). In P. mirabilis disruption of ureF resulted in over 100-fold attenuation of
colonization in an STM study done with the CBA mouse model (Burall et al., 2004). The urease
of K. aerogenes was identified as critical to efficient colonization in an STM study done in a
murine model (Maroncle et al., 2002). Urease also plays an important role in acid tolerance and
survival in a wide variety of organisms, including H. pylori, Y. enterocolitica, M. morganii, K.
pneumoniae, and the Gram positive organism, S. salivarius (Chen et al., 2002; De Koning-Ward
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and Robins-Browne, 1995; Maroncle et al., 2005; Stingl et al., 2002; Young et al., 1996). Urease
activity may be important for facultative intracellular pathogens that face the acidified toxic
environment of the phagosome, or pathogens that must traverse the acidic milieu of the digestive
tract in order to establish colonization. E. ictaluri is capable of intracellular survival and
replication in channel catfish macrophages, increasing in numbers by more than 7-fold by 12
hours PI (Booth et al., 2005). Urease appears to play an important role in enabling replication of
E. ictaluri in the acidified phagolysosome where pH levels can fall as low as 4.0. In macrophage
studies reported here, it was shown to be necessary for intracellular replication of E. ictaluri, but
not for survival. The ureG strain was taken up as well as the WT strain and was able to persist at
initial levels out to 8 hours post infection, but showed very low levels of replication. These
results reflect those of persistence studies in channel catfish, where the ureG strain was able to
persist, but was unable to increase in numbers and was eventually cleared by 8 days PI. The
ureG strain was unable to replicate efficiently in channel catfish macrophages, indicating that the
protein performs an important function in this intracellular niche. Not only is the ability to
tolerate acidic conditions important, but the ability to neutralize the acidic pH might serve to
prevent activation of the lytic enzymes that are released into the phagosome upon fusion with the
lysosome.
This study identifies all of the genes that make up the urease gene complex in E. ictaluri.
These genes include the primary enzymatic subunit genes, ureABC, as well as all of the
recognized accessory genes, ureEFGD. Directly downstream of these genes is a gene that
encodes a urea transporter (ureI), as well as what appears to be a partial gene that encodes an
ammonium transporter. Urease was shown to play an important role in the pathogenesis of E.
ictaluri by demonstration that disruption of ureG, a gene known to be essential for urease
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activity, resulted in loss of the ability to colonize or to cause pathology in the host, channel
catfish, and in the significant reduction in the ability to replicate intracellularly in macrophages.
The exact nature of the role that urease plays in these processes will be explored in the following
chapter as its role in acid tolerance is investigated.
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CHAPTER 4

THE ROLE OF UREASE IN ACID RESISTANCE AND INTRACELLULAR SURVIVAL
OF EDWARDSIELLA ICTALURI

INTRODUCTION
Identification of virulence factors is vitally important in understanding the pathogenesis
of E. ictaluri and in developing methods for controlling the spread of disease. As discussed in
previous chapters, though the pathogenesis of ESC has been described, the genetic factors
involved in virulence remain virtually unknown. Signature-tagged mutagenesis (STM) has been
used to identify and characterize virulence factors in a wide a variety of organisms, including
Vibrio cholerae, Staphylococcus aureus, Yersinia enterocolitica, Mycobacterium tuberculosis,
and Legionella pneumophila (Camacho et al., 1999; Chiang and Mekalanos, 1998; Darwin and
Miller, 1999; Edelstein et al., 1999; Hensel, 1998; Mei et al., 1997). An STM study of E. ictaluri
identified an attenuated mutant with an insertion in a gene with similarity to ureG. UreG is a
GTP-binding accessory protein that is part of the urease enzyme complex, functioning in the
energy-dependent assembly of the holoenzyme (Mobley et al., 1995), and is known to be
essential for urease activity (Chang et al., 2004; Heimer and Mobley, 2001; Kim et al., 1999;
Lee et al., 1992; Moncrief and Hausinger, 1996 ,1997; Mulrooney and Hausinger, 1990; Park
and Hausinger, 1995; Soriano et al., 2000; Soriano and Hausinger, 1999). Results presented in
previous chapters described how this mutant is attenuated for mortality, persistence, and in
competition challenge with the parental wild-type (WT) strain in channel catfish fingerlings, and
is attenuated for replication in channel catfish macrophages
Enzymatically active urease functions in acid tolerance and resistance in many pathogens,
including Helicobacter pylori, Y. enterocolitica serotype 08, Morganella morganii, Klebsiella

94

pneumoniae, and the Gram positive organism, Streptococcus salivarius, enabling survival at pH
levels as low as 1.5 (Chen et al., 2002; De Koning-Ward and Robins-Browne, 1995; Maroncle et
al., 2005; Stingl et al., 2002; Young et al., 1996). Urease activity enables H. pylori to colonize
the stomach, where pH levels can fall below 2.0 (Marshall et al., 1990). It may also serve to
protect pathogens such as enterohemorrhagic Escherichia coli and K. pneumoniae during
traversal of the gastrointestinal tract en route to the colonization locus (Heimer et al., 2002;
Maroncle et al., 2005).
There have been no published reports of urease effects on intracellular replication in
phagocytic cells. One published study reported that inactivation of urease in H. pylori resulted in
decreased phagocytosis and increased the oxidative burst by granulocyte populations
(Makristathis et al., 1998), but this study was done using non-adherent leukocyte populations that
had been pelleted from whole human blood. Although there are no published reports of ureaseinduced acid tolerance being involved in intracellular replication, it is possible that urease may
enable survival in the acidic environment of the phago-lysosome where pH levels can fall to less
than pH 4.5, activating a variety of toxic enzymes (Alpuche-Aranda et al, 1992).
The present study was conducted to evaluate the role of E. ictaluri’s urease in acid
resistance in vitro by measuring the growth of the WT and the ureG strain in broth culture at
various pH levels in the presence and absence of urea. Changes in pH of the growth media
following 24 hours of incubation were measured. The role of urease in adaptive acid tolerance
during acid shock was also assessed, as was the effect of urea supplementation on intracellular
survival and replication in channel catfish macrophages. Finally, the effects of acidic pH on
UreG protein expression in the presence and absence of urea were investigated through the use
of 2-D gel electrophoresis combined with mass spectroscopy.
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MATERIALS AND METHODS
Bacterial strains and growth conditions. Edwardsiella ictaluri strain 93-146 (parental strain)
was isolated from a moribund channel catfish at the Louisiana State University, Louisiana
Aquatic Health Diagnostic Laboratory, and was shown to induce 60% mortality at an immersion
dose of 1.2 X 107 colony forming units (CFU)/ml of water. The identification and
characterization of strain 84LM, the ureG mutant strain, was described in chapter 3. Stocks were
stored at -70°C with 15% glycerol. Cultures were grown in brain heart infusion broth (BHIB)
(Difco, Detroit, MI) with 50 µg/ml Kanamycin (Sigma, St. Louis, MO) for selection as needed
for 16 hours at 28°C in a Cel-Gro Tissue Culture Rotator (Lab-Line, Melrose, IL). United States
Pharmacopoeia (USP) grade urea (Amresco, Solon, OH) was added to media at a final
concentration of 6 mM, followed by pH adjustment with HCl and filter sterilization with Corning
150 ml bottle top filters with a 0.22 µm cellulose acetate low protein-binding membrane
(Corning, Inc., Corning, NY, USA).
Specific pathogen-free (SPF) channel catfish. Egg masses were obtained from commercial
channel catfish producers with no history of ESC outbreaks, disinfected with 100 mg/L free
iodine, and hatched in closed recirculating systems in the LSU SPF laboratory. All experimental
fish were maintained continuously in the SPF laboratory and reared to a weight of between 200
and 400 grams. Holding systems consisted of four 350-liter fiberglass tanks connected to a 45 L
biological bead filter. Water temperature was maintained at 28 ± 2°C and water quality
parameters, consisting of total ammonia nitrogen, total nitrate, pH, hardness, and alkalinity, were
determined 3 times per week using a HACH (Loveland, CO) aquaculture kit. Water quality was
adjusted as necessary to maintain optimal conditions.
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Urea effects on growth of E. ictaluri at acid pH in BHIB. The pH of BHIB and BHIB
supplemented with 6 mM urea (BHIBU) was adjusted to pH 7.0 or 5.0. Ten milliliters of each
broth type and pH level was inoculated with 100 µl (≈1 X 108 CFU) of an overnight culture of
wild type (WT) or the ureG mutant in triplicate. Cultures were grown shaking at 28°C for 24
hours (for pH 7.0) or 48 hours (for pH 5.0). Twenty microliter aliquots of ten-fold serial
dilutions were then dropped on blood agar plates and incubated at 28°C for 48 hours to
determine CFU/ml survival. The remaining culture was pelleted and the supernatant removed
for measurement of pH with an Orion 520A digital pH meter (Orion Research, Inc., Beverly
MA).
Urea effects on WT survival of acid shock in phosphate buffered saline (PBS). The pH of
PBS or PBS supplemented with 6 mM urea (PBSU) was adjusted to pH 7.0, 6.0, 5.0, 4.5, 4.0,
3.5, 3.0, and 2.0. An overnight culture of the WT strain was either diluted 1:10 in, or pelleted
and resuspended in, an equal volume of PBS or PBSU with the pH adjusted to the various levels,
and incubated at 28ºC, standing, for 1.5 (in the case of 1:10 dilution) or 2 hours (in the case of
pelleting and resuspension). Following incubation, 20 microliters of ten-fold serial dilutions
were prepared in sterile PBS and dropped on blood agar plates to determine numbers of
surviving bacteria. Survival totals were log transformed for statistical analysis. All treatments
were done in triplicate. This survival experiment was done in PBS, which contains no nutrients,
so bacterial growth was not expected; rather it was designed to measure tolerance to low pH
conditions in the presence and absence of urea.
Adaptive acid tolerance. Wild type E. ictaluri and the ureG strains were grown to late log
phase in BHIB (pH 7.2), BHIB (pH 5.5) or BHIBU (pH 5.5). All media that was prepared at pH
5.5 was buffered with 2-Morpholinoethanesulfonic acid (MES) (Sigma, St. Louis, MO). One ml
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of each of the cultures was pelleted and resuspended in an equal volume of Minimal E Media
(MEM) (Gong et al., 2003) (73 mM K2HPO4, 17 mM NaNH4HPO4, 0.8 mM MgSO4, 10 mM
citrate, 0.4% glucose) pH 2.5, or MEM pH 2.5 with 6 mM urea (MEMU), and incubated with
shaking for 1 hour at 28°C. Serial dilutions were prepared at each time point and spread on
blood agar plates to determine percent survival. All treatments were done in triplicate.
Urea effects on survival and replication in macrophages. The gentamicin survival assay was
performed as previously described (Booth et al., 2005). Briefly, macrophages were prepared
from channel catfish head kidney tissue in media with and without 6 mM urea, seeded in 24-well
plates, and allowed to adhere overnight. The next day, macrophages were inoculated with
approximately 1 X 104 CFU of the WT stain of E. ictaluri or the ureG mutant strain (multiplicity
of infection (MOI) 1:10). Following 30 minute incubation, gentamicin was added to each well at
a final concentration of 100 µg/ml to kill extracellular bacteria. At 0, 4, and 8 hours post
infection (PI) the cells were lysed with 100 µl of a 1% Triton X-100 solution (Fisher Scientific,
Fair Lawn, NJ) at room temperature for 10 minutes, serially diluted, and spread on blood agar
plates to determine percent survival. Urea (6 mM) was maintained in the urea-treated wells at all
times. Fold increase was determined by dividing the CFU/well recovered by CFU/well at 0
hours (T0).
Whole cell lysates (WCL). Overnight cultures of E. ictaluri 93-146 were grown in BHIB pH
7.0, BHIBU pH 7.0, or in BHIB or BHIBU buffered with MES and the pH adjusted to 5.5. Cells
were pelleted and washed three times in PBS pH 7.3, and were then resuspended in sterile double
distilled H2O at a volume of 1.0 ml water to 0.1 ml pellet. The cell suspension was sonicated at
40W and 50% duty cycle until the suspension became clear. The lysate was held for 1 hour at 4º
C and centrifuged at 12,000 x g for 30 minutes at 4º C. A solution of 10% Thimerosol
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(sodiumethylmurcurithiosalicylate) (Sigma Chemical Comp., St. Louis, MO) was added to give a
final concentration of 0.01%. Protein concentration was determined as per the manufacturer’s
instructions with the Bio-Rad Protein Assay kit (Bio-Rad Laboratories, Hercules, CA) using
bovine serum albumin standards. The lysates were aliquoted and stored at -80º C until used for
2-D gel electrophoresis.
2-D Gel Electrophoresis. Protein samples were prepared as per the manufacturer’s instruction
with the Bio-Rad ReadyPrepTM 2-D Cleanup Kit. The first dimension was run using the
ReadyPrep TM 2-D Starter Kit and 11 cm ReadyPrepTM IPG Strips, pI 4.7-5.9, as per the
manufacturer’s instructions. The strips were run for 12 hours at the following settings:
Rehydration: Passive; Rehydration Time: 12:00 20°C; Run Temp: 20°C; Max uA/gel 50; Step 1:
250 V - Ramp L - 15 minutes; Step 2: 8000 V - Ramp L - 2:30 hour; Step 3: 8000 V - Ramp L V hours 35000; Step 4: 500 V Hold. The second dimension was run on Criterion 12.5% trisHCl, 1.0 mm Precast Gels (Bio-Rad Laboratories, Hercules, CA) as per manufacturer’s
instructions at 200V with cooling. The gels were fixed as per manufacturer’s instructions and
stained with SYPRO® Ruby Protein Gel Stain (Bio-Rad Laboratories, Hercules, CA). Gels were
scanned on a Bio-Rad Molecular Imager FX Scanner (Bio-Rad Laboratories, Hercules, CA) and
analyzed with PDQuestTM 2D Analysis Software, version 7.3.1 (Bio-Rad Laboratories, Hercules,
CA). After comparison of gels of the cell lysates grown at pH 7.0 and 5.5, with and without
urea, and identification of proteins whose molecular weight and pI matched those predicted for
UreA, UreC, and UreG, the selected protein spots were excised, digested in-gel with trypsin,
using the Sigma® ProteoProfile™ Trypsin In-Gel Digest Kit (Sigma Chemical Comp., St. Louis,
MO) according to manufacturer’s instructions, and submitted for peptide mass fingerprinting by
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matrix-assisted laser desorption/ionization and time of flight mass spectrometry (PMF MALDITOF-MS).
Statistical analysis. For the growth and survival assays, data were analyzed by General Linear
Methods Procedure (Proc GLM) following a natural log transformation of the numbers of CFU
recovered (SAS Institute, Inc. 2003). When the overall model indicated significance at p ≤ 0.05,
Scheffe’s test was used for pairwise comparison of main effects, and a least square means
procedure was used for pairwise comparison of interaction effects.
RESULTS
Urea effects on growth of E. ictaluri at acid pH in BHIB. The growth results of the WT and
ureG strains in BHIB or BHIBU at pH 5.0 are presented in Figure 4.1. There was no significant
difference in the growth of the WT or the ureG strain when grown in BHIB pH 5.0 without urea
over a 24 hour period. Growth of the WT strain was significantly enhanced (p ≤ 0.0001) at pH
5.0 when urea was present in media, and it was able to significantly (p ≤ 0.001) elevate the pH of
the media from 5.0 to 7.2 by the end of 24 hours incubation in the presence of urea. The
presence of urea had no effect on the growth of the ureG strain. At pH 7.0 there was no
significant difference in the growth of either strain regardless of the presence of urea (data not
shown).
Urea effects on WT survival of acid shock in PBS. The results reflecting survival of WT in
PBS or PBSU are presented in Figure 4.2. There was no significant difference in survival of the
WT strain at any pH, regardless of whether it was diluted 1:10 in PBS or PBSU or resuspended
in an equal volume of the same. The presence or absence of urea had no significant effect on
survival at any pH.
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Figure 4.1. Growth of WT and the ureG strains of E. ictaluri in BHIB at pH 5.0 with and
without 6 mM urea. The availability of urea significantly enhanced growth of the WT strain but
not that of the ureG strain. Numbers associated with bars indicate the final pH. The WT strain
was able to elevate media pH from 5.0 to 7 during 24 hours of growth in the presence of urea,
but pH remained unchanged in the absence of urea. Urea had no effect on pH of the ureG
culture supernatant. Fold increase was determined by dividing the total CFU/ml recovered by
the initial CFU/ml inoculum. Results are representative of three identical experiments. (* p ≤
0.0001)
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Figure 4.2. A and B. WT survival in PBS or PBSU at various pH levels. A) WT survival in
PBS or PBSU at various pH after 1.5 hours (diluted 1:10). B) Wt survival in PBS or PBSU after
2.0 hours (resuspended in equal volume). All treatments were done in triplicate. There was no
significant difference in survival in any treatment. The availability of urea did not significantly
enhance survival at low pH in PBS. Numbers reflect LOG10 transformation of average CFU/ml
recovered.

102

Adaptive acid tolerance. Results of the adaptive acid tolerance assay are presented in Figure
4.3. Wild type E. ictaluri grown at pH 7.0 was unable to survive transfer to minimal media pH
2.5 regardless of whether urea was available. The WT strain grown at pH 5.0 without urea had
the highest survival of all treatment groups. When the WT strain grown at 5.0 without urea was
transferred to MEM pH 2.5 with 6 mM urea, the percent survival was significantly greater than
any of the other treatment groups (p ≤ 0.001). The WT strain grown at pH 5.0 with urea also
survived well regardless of whether urea was available in the MEM at pH 2.5, but urea did not
significantly affect survival after transfer of this treatment group to low pH MEM.
Effect of urea supplementation on WT survival and replication in channel catfish
macrophages. The results of studies to determine the effects of added urea on survival and
replication in channel catfish macrophages are presented in Figure 4.4. The fold increase in
numbers of recovered bacteria at both 4 and 8 hours PI from macrophages that had been treated
with urea was more than two fold greater than that recovered from macrophages that had no
urea. The difference was significant at p ≤ 0.05 for 4 hours and at p ≤ 0.002 for 8 hours.
2-D Gel Electrophoresis. 2-D Gel Electrophoresis. The 2-D gel images of cell lysates prepared
from WT E. ictaluri grown in BHIB at pH 7.0 or 5.5 with urea are shown in Figure 4.5 A and B.
Spots corresponding to the expected molecular weight and pI of UreA, UreC, and UreG were
excised from the BHIB 5.5 with urea WCL gel, trypsin digested, and submitted for analysis by
PMF MALDI-TOF-MS. The trypsin digest of the three spots indicated by the circles in Figure
4.5 A generated the mass peaks (MW) listed in Table 4.1. The molecular mass peaks were
compared with those generated by theoretical trypsin digests of E. ictaluri UreA, UreC, and
UreG using the FindMod program (http://www.expasy.ch/tools/findmod/), allowing for a 5
Dalton margin of error, up to three missed cleavage sites, and two potential modifications within
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Figure 4.3. Adaptive response to acid stress. WT E. ictaluri that was grown at pH 7.0 was
unable to survive transfer to minimal media pH 2.5 regardless of whether urea was available.
The WT strain grown at pH 5.0 without urea had the highest survival, and when it was
transferred to minimal media with urea, the percent survival was significantly greater than any of
the other treatment groups (p≤0.001). Bars with different letter designation are significantly
different (p ≤ 0.001). Figure represents the combined results of two identical studies.
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Figure 4.4. Effects of urea on the intracellular survival and replication of the WT strain (MOI
1:10) in channel catfish macrophages. Addition of urea to macrophage cell culture resulted in
more than two-fold increase in the number of WT organisms recovered at 4 and 8 hours PI. Urea
had no significant effect on uptake of the WT organisms. Results shown represent means of two
replicate studies with three replicates for each treatment in each study. (* p ≤ 0.05; ** p ≤ 0.002)
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Figure 4.5. A and B. 2-D gels of lysates from E. ictaluri grown at neutral and acid conditions in
the presence of urea. A) 2-D gel of whole cell lysate from WT strain grown in BHIB at pH 5.5
in the presence of 6 mM urea. The protein spots, 17, 18, and 19, indicated by the circles were
excised from the gel, digested with trypsin and submitted for analysis by PMF MALDI-TOFMS. Results of mass fingerprinting showed a 100% match of spot 18 and 19 to the peptides
predicted by the theoretical digests of UreG and UreA of E. ictaluri, respectively, while spot 17
showed a 77.2% match to UreC. B) 2-D gel of whole cell lysate from WT strain grown in BHIB
at pH 7.0. with proteins corresponding to proteins 17, 18, and 19 circled. The pI range of the gel
is from 4.7 to 5.9, and numbers on the edge indicate approximate molecular weight.
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Table 4.1. Peak masses generated from trypsin digest of protein spots 17, 18, and 19 and
percent matches to urease proteins.

Protein Spot #17

Protein Spot #18

Protein Spot #19

1180.891, 1190.886,
1202.460, 1215.455,
1236.353, 1278.454,
1301.860, 1309.421,
1341.457, 1385.040,
1394.607, 1477.578,
1494.548, 1502.614,
1539.236, 1563.663,
1606.694, 1709.499,
1718.083, 1770.560,
1792.903, 1838.583,
1874.571, 1995.120,
2048.132, 2119.376,
2385.030, 2511.647,
2706.751, 2718.891,
3224.765, 3267.152,
3313.863, 4978.447

1068.227, 1142.386,
1159.219, 1181.658,
1203.469, 1237.840,
1247.111, 1280.301,
1303.029, 1310.698,
1342.525, 1478.518,
1711.596, 1719.591,
1794.780, 1998.225,
2084.019, 2387.701,
2515.175, 2711.321,
2721.945, 3228.700,
3271.259, 3317.637,
4985.570

953.784, 968.346,
973.967, 983.441,
996.968, 1011.819,
1034.469, 1046.552,
1061.521, 1066.991,
1074.986, 1093.464,
1121.969, 1141.825,
1157.886, 1174.332,
1181.969, 1195.485,
1203.009, 1078.841,
1278.602, 1302.482,
1309.595, 1341.598,
1366.604, 1385.129,
1394.698, 1477.730,
1494.700, 1658.667,
1701.163, 1709.883,
1718.705, 1793.022,
1838.717, 1995.707,
2385.139, 2510.297,
2531.481, 2707.465,
2718.848, 3225.182,
3267.400, 3314.702,
4977.042

77.2% match to UreC

100% match to UreG

100% match to UreA
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one peptide. The peptide masses of proteins numbers 18 and 19 matched with 100% coverage to
the peptide fragments generated in a theoretical trypsin digest of the E. ictaluri UreG (MW:
22787, pI: 4.8) and UreA (MW: 11140, pI: 4.9) proteins, respectively, while the peptide masses
of protein 17 showed a 77.2% match to UreC (MW 60921, pI: 5.5). Spots present in a whole cell
lysate of cells grown at pH 7.0 indicate no differences in gene expression of the three urease
genes compared to pH 5.5 (Figure 4.5 B). Urease proteins, UreB, UreE, UreF, UreD, and UreI,
had pI values that excluded them from detection on gels with the pI range applied here, and were
therefore not represented in this analysis. The theoretical MW and pI values of all the urease
proteins are listed in Table 4.2.
DISCUSSION
One of the most studied aspects of urease function is its role in acid tolerance. The
experiments reported here were designed to discover what role, if any, urease plays in acid
tolerance of E. ictaluri. Urease modulated acid resistance has been most studied in H. pylori, an
organism that colonizes the extremely acidic environment of the stomach, where pH levels can
fall to below pH 2.0, and urease is known to provide protection in this environment (Marshall et
al., 1990). Urease protects K. pneumoniae from the acid stress encountered during traversal of
the digestive tract (Maroncle et al., 2005). E. ictaluri does not colonize an extreme environment
like that of H. pylori, but it does need to be able to survive in acidic environments encountered
during traversal of the digestive tract, as well as survive and replicate in the acidic environment
of the phagolysosome, where it was shown to survive and replicate robustly (Booth et al., 2005).
The ability of WT E. ictaluri and the ureG strain to grow at various pH levels, in the presence
and absence of urea was assessed in this study. Wild type H. pylori is incapable of growth in H.
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Table 4.2. Theoretical molecular weight and pI values of the urease proteins.

Protein

Molecular weight (Kd)

pI Value

UreA

11.1

4.9

UreB

15.1

9.5

UreC

60.9

5.5

UreF

25.4

5.8

UreG

22.8

4.8

UreD

36.3

7.0

UreI

35.0

6.1
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pylori-selective BHIB at pH levels at or below pH 4.0 in the absence of urea (Sidebotham et al.,
2003), but urea enables this organism to survive at pH levels as low as 2.0. Results reported here
showed that both the WT and the ureG strain were incapable of growth at or below pH 4.0, and
only slight growth occurred at pH 4.5. While the growth of both strains was slow at pH 5.0,
requiring up to 48 hours to reach late log phase, addition of urea to BHIB during growth of the
WT strain at pH 5.0 significantly enhanced growth. In addition, the addition of urea enabled the
WT strain to alter the macro environment by elevating the pH to neutral levels during 24 hours
of growth, while having no effect on growth of the ureG strain. These results suggest that E.
ictaluri is capable of hydrolyzing urea at acid pH in order to enable growth under these
conditions. An attempt was made to repeat this experiment using minimal media instead of
BHIB, but E. ictaluri was unable to grow in minimal media at acid pH, regardless of the
presence of urea (data not sown), indicating that the urease-induced alteration of environmental
pH and enhanced growth required energy resources only available in enriched BHIB.
H. pylori is sensitive to acid shock when grown at neutral pH and transferred to low pH
PBS, but is able to survive when urea is added to the media (Marshall et al., 1990). E. ictaluri
was shown to tolerate acid shock remarkably well, regardless of whether urea was available.
When late log-phase cultures were either diluted 1:10 in, or resuspended in an equal volume of
PBS or PBSU with pH adjusted to pH levels as low as 2.0, E. ictaluri survived for up to 2 hours
with very little cell death, and the presence of urea did not significantly enhance survival. These
results suggest that urease is not the only acid resistance mechanism available to E. ictaluri and
that urease may not be required during passage through the gastrointestinal tract.
Three other systems are known to function in acid resistance (AR) in E. coli: the AR1,
AR2, and AR3 systems. Each has its own unique induction signature and each employs different
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mechanisms to provide low pH protection (Gong et al., 2003). Acid resistance system 1 is
produced in Luria-Bertani-grown stationary phase cells and protects E. coli at pH 2.5. It appears
to be expressed regardless of growth pH, but is blocked by an unidentified diffusible inhibitor
produced during growth at alkaline pH and is repressed by glucose (Gong et al., 2003). Acid
resistance system 2 requires glutamic acid for protection at pH 2.5. Two isoforms of glutamate
decarboxylase convert glutamic acid to γ-aminobutyric acid (GABA) in a process that consumes
intracellular protons (Gong et al., 2003). Acid resistance system 3 utilizes the inducible form of
arginine decarboxylase (ADC) to decarboxylate arginine to agmatine in a process that also
consumes intracellular protons (Gong et al., 2003). Interestingly, agmatinase converts agmatine
to putrescine and urea (Salas et al., 2002). The urea could theoretically serve as a substrate for
urease to further protect against acid stress. It is unclear at this point if all of these systems are
present in E. ictaluri; however, the identification of an attenuated arginine decarboxylase mutant
in the STM study (Thune et al., 2007) indicates that the acid resistance system 3 is functional in
E. ictaluri.
Acid adaptive tolerance to acid shock has been demonstrated in H. pylori, Y.
enterocolitica, M. morganii, and K. pneumoniae in experiments where late log phase cultures,
grown at neutral or mildly acidic conditions, were diluted or resuspended in low pH buffered
solutions (De Koning-Ward and Robins-Browne, 1995; Maroncle et al., 2005; Marshall et al.,
1990; Young et al., 1996). The results reported here demonstrate that E. ictaluri is capable of
adaptive acid tolerance and that hydrolysis of urea enhances this adaptive response when it is
present during acid shock. Only the acid adapted cells were able to survive acid shock for one
hour in MEM at pH 2.5. The presence of urea significantly enhanced survival when present
during acid shock in MEM pH 2.5, but its presence during growth at pH 5.0 did not enhance
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subsequent survival of acid shock. In fact, the cells that were acid adapted in the absence of urea
demonstrated increased survival during acid shock as compared to those cells adapted in media
with urea. The experiment was repeated with E. ictaluri adaptation at pH 5.5 in the presence and
absence of urea, and the results were not significantly different (data not shown). These results
suggest that E. ictaluri urease genes are regulated primarily by pH rather than by the presence of
urea. This characteristic may enhance the virulence of E. ictaluri in ponds if fecal shedding
exposes it to mildly acidic pond conditions prior to being ingested by fish and exposed to the
acidic environment of the digestive tract and, ultimately, the phagolysosome.
There are no published reports concerning the effects of urease activity on intracellular
replication in macrophages. Makristathis et al., (1998) used H. pylori ureB and ureG mutants to
determine the effects of urease on opsonization by complement, adherence to granulocytes, and
on phagocytosis and oxidative burst in leukocyte populations pelleted from whole human blood.
They reported that urease activity functioned to inhibit phagocytosis and to stimulate an
increased oxidative burst in granulocytes, as well as to inhibit opsonization by complement,
while having no effect on adherence to these cells. For E. ictaluri, on the other hand, urease
played a role in survival and replication in macrophages, but there was no inhibitory effect on
phagocytosis. Effects on oxidative burst, opsonization, and adherence were not evaluated.
Comparison of 2-D gels from WCLs prepared from E. ictaluri grown in BHIB or
BHIBU at pH 7.0 or 5.5 identified a total of 27 proteins that were uniquely expressed at acidic
pH, but none of these spots corresponded to the expected molecular weight and pI of UreA,
UreC or UreG, the only proteins expected to be detected with the pI range used here. Candidate
spots which did fall into the expected molecular weight and pI ranges for UreA (MW:11140, pI:
4.9), UreC (MW: 60921, pI:5.5), and UreG (MW: 22787, pI: 4.8) were selected from the pH 5.0
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with urea WCL gel, were excised, and analyzed by PMF MALDI-TOF-MS. Preliminary
analysis by mass spectrometry of the trypsin digest from two of these excised proteins, 18 and
19, produced mass peaks that matched with 100% coverage with the fragments expected from a
theoretical trypsin digest of the UreG and UreA proteins from E. ictaluri, respectively. The
trypsin digest of protein spot 17 produced mass peaks that matched 77.2% to the fragments
expected from a theoretical trypsin digest of E. ictaluri’s UreC protein. The region of the UreC
amino acid sequence that did not match to the MS generated mass peaks was composed of two
separate peptide sequences, amino acids 102-183 and amino acids 292-341, neither of which had
interior trypsin cut sites, and the predicted mass peaks were greater than 5800 daltons, beyond
the detection limits of the MS analysis performed here. It is therefore highly probable that
protein spot 17 is UreC.
This 2-D gel study was limited to proteins with pI values between 4.7 and 5.9. This pI
range was chosen to strengthen the probability of detecting UreG, the primary protein of interest
in this project. Only UreA, UreC and UreG, and UreF had pI values that fell within the range
evaluated here. None of the candidate proteins analyzed produced peptide fingerprints that
matched to that predicted for the trypsin digest of UreF.
The results from the 2-D gel analysis indicate that the urease proteins are constitutively
expressed in E. ictaluri, while the in vitro growth studies, acid tolerance, and acid adaptation
studies indicate that E. ictaluri’s urease is acid activated. This may explain why E. ictaluri’s
urease activity is undetectable in standard biochemical tests where differences in pH changes in a
range of 6.8 to 8.1 are measured. In other organisms such as H. pylori, Y. enterocolitica, and M.
morganii de novo protein synthesis does not take place upon acid activation of urease, rather the
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pre-existing proteins are activated for assembly and activity upon exposure to acidic conditions
(Stingle et al, 2002; Young et al, 1996).
Edwardsiella ictaluri’s urease is most similar to that of Y. enterocolitica with 85.0, 73.4,
and 86.2% amino acid identity to the UreA, B, and C sub-units of the apoprotein, respectively. In
addition, a 10 amino acid sequence associated with conformational activation of the enzyme
when pH levels become acidified is conserved in Y. enterocolitica, M. morganii, and
Lactobacillus fermentum, and is also present in E. ictaluri. This suggests that E. ictaluri’s urease
activity is not transcriptionally or translationally activated, but that increased urea hydrolysis at
low pH is due to conformational changes in pre-existing urease, as it is in Y. enterocolitica
(Young et al, 1996).
The fact that E. ictaluri is capable of survival in PBS at pH levels down to 2.0 regardless
of the availability of urea and showed only modest enhanced survival in macrophages when urea
was available, raises the possibility of de novo synthesis of urea. There have been no published
reports that document the shuttling of urea from the arginase or the arginine decarboxylase
pathways for hydrolysis by urease during acid resistance. De novo synthesis of urea for use in
acid resistance has been theorized (Nakamura et al., 1998), but has not been demonstrated as yet.
Urea could also serve as a nutrient source in the nutrient-limited acidified intracellular
environment. Urea concentrations of almost 3 mM have been measured in catfish blood
(Ellsaesser and Clem, 1987) and is theoretically available for use by E. ictaluri during infection.
It is not clear from the results presented here how urease functions in intracellular
replication, though replication was significantly lower when urease activity was lost. Based on
results that demonstrated WT E. ictaluri’s ability to use urea to elevate the pH of its environment
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during growth at acidic pH, it is tempting to speculate that it may do the same when faced with
the acidified environment of the phago-lysosome.
The question remains of whether E. ictaluri actually alters the intraphagosomal pH
through a urease-dependent mechanism. An attempt was made to measure ph changes using
Lysotracker™ (Molecular Probes, Eugene, OR, USA), which consists of a fluorophore linked to
a weak base. At neutral pH these probes can freely permeate cell membranes but are protonated
and retained inside acidic vesicles. The results, however, were inconclusive due to high
background fluorescence. An alternative approach would be to measure intraphagosomal pH
using a pH sensitive and a pH insensitive fluorescent probe combined with ratiometric analysis
of excitation emissions. This technique has been used to measure acidification of phagosomes
during Brucella suis infections (Porte et al., 1999). The technique, however, required a live stage
component of confocal microscopy that was not available during this investigation.
Results have been presented here that show the importance of urease in acid resistance
and in intracellular replication of E. ictaluri. Edwardsiella ictaluri, remarkably resistant to acid
stress even in the absence of urease activity, clearly possesses multiple acid resistance
mechanisms. Although urease is not essential for mere tolerance of acid stress, urease activity
enhances acid resistance through the neutralization of low pH levels, enabling increased growth
in acidic conditions. This ability to neutralize acidic pH may also function to inhibit activation
of lytic enzymes in the phagolysosome, enhancing intracellular replication, of this “urease
negative” pathogen.
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CHAPTER 5

SUMMARY AND CONCLUSIONS
In the previous chapters an E. ictaluri ureG mutant, generated through transposon
insertion mutagenesis in an STM study was described. Flanking regions surrounding the
insertion site were sequenced, and an entire urease enzyme gene complex, consisting of
ureABCDEFGI and an ammonium transporter, was identified in E. ictaluri, an organism
traditionally characterized as “urease negative”. Results were presented that demonstrated the
important role that urease plays in the pathogenesis of E. ictaluri. The urease mutant was shown
to be attenuated in the natural host, channel catfish, able to invade the host (albeit in lower
numbers than the WT parental strain), but unable to persist in host tissues for more than 7 days.
Infection with this strain resulted in no mortalities over a twenty-three day study, whereas
infection with the WT strain of E. ictaluri resulted in almost 60% mortalities over the same time
period. Results of co-infection with the WT and the urease mutant strain demonstrated that the
ureG strain was incapable of establishing infection in the presence of the WT strain, indicating
that the WT strain was not able to complement the defect in ureG through any secreted factor(s).
These results all confirmed the in vivo attenuation resulting from lack of urease activity.
Urease has been associated with acid tolerance and resistance in a variety of pathogens.
Experiments were conducted to determine if urease had a similar function in E. ictaluri. E.
ictaluri must be able to tolerate acidic environments, beginning soon after fecal shedding occurs
in warm, mildly acidic pond water, throughout the traversal of the digestive tract where pH
levels are between 3.0 and 4.0, and in the acidified toxic environment of the phagolysosome
where pH can fall as low as 4.0. Results of these experiments suggested that, while E. ictaluri is
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naturally tolerant of acid conditions, surviving for up to two hours in PBS at pH 2.0, its ability to
replicate in acidic conditions is significantly enhanced when urea is made available. In addition,
E. ictaluri demonstrated acid adapted acid resistance when it was grown at mildly acidic pH and
then transferred to low pH (2.5) minimal media, and the presence of urea at low pH significantly
enhanced this survival. E. ictaluri that was grown at pH 7.0 was unable to survive this treatment
regardless of the presence or absence of urea.
Results were also presented that demonstrated that E. ictaluri that was lacking urease
activity was also unable to replicate intracellularly in channel catfish macrophages. This strain
was, however, able to survive as long as 8 hours without reduction in numbers, indicating that
very low levels of replication were taking place. The WT strain, on the other hand, showed
robust survival and replication, increasing in numbers up to 1800% by 8 hours post infection
(PI). Addition of urea during WT infection of macrophage cell culture resulted in a two-fold
increase in replication by 8 hours PI. These results suggest that urease plays a significant role in
intracellular survival, though the mechanism is not clear. From the acid tolerance experiments it
was clear that WT E. ictaluri can survive acid stress in the absence of urea, but addition of urea
to growth media enabled the organism to elevate environmental pH to neutral levels. If urease
functions via this same mechanism in the phagolysosome, it might serve to elevate pH to a level
that is permissive for E. ictaluri growth and might also inhibit activation of the acid hydrolases
released upon fusion of the lysosome and E. ictaluri-containing phagosome. Given E. ictaluri’s
remarkable ability to tolerate acid stress, the primary protective function of urease may be to
allow intracellular replication.
Finally, analysis of UreA, UreC, and UreG protein expression through the use of 2-D gel
electrophoresis showed that these proteins were constitutively expressed regardless of whether E.
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ictaluri was grown at neutral or acidic pH, or in the presence or absence of urea during growth.
This suggests that urease activity is not transcriptionally or translationally regulated, but instead,
pre-existing urease is activated by environmental pH.
Several questions concerning E. ictaluri’s urease remain unanswered. First is the
question of whether E. ictaluri can utilize urea produced through its own arginase and arginine
decarboxylase pathways for urease activity. The connection between urease and these two
arginine degradative pathways has not been demonstrated conclusively in any organism. Is there
a correlation between agmatine production in E. ictaluri and urease activity? E. ictaluri has a
urea channel that is similar to the one known to function in urea uptake in H. pylori, but could it
also function to secrete urea if urea was overproduced? It would be interesting to measure blood
urea levels before and after E. ictaluri infection in channel catfish to determine if blood urea
levels change. Secondly, does E. ictaluri actually alter the pH of the phagosome through a
urease-dependent mechanism? Intracellular pH measurements can be taken using pH sensitive
fluorescent probes and ratiometric comparisons of emission spectra during confocal imaging
with live-stage preparations. Thirdly, does urease function only in acid tolerance or does it also
serve to provide an alternative energy source? Ammonia can serve as an energy source during
nitrogen limitation.
Though many questions remain, urease was shown to play an important role in
pathogenesis, in replication during acid stress, in adaptive tolerance to acid stress, and in
intracellular survival. Urease is clearly an important weapon in this “urease negative” organism.
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